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  ﺹ ﻠﺨﺴﺘﻤﺍﻟ
 ﻭ ﺸﻌﺎﻋﻴﺔﻹﻟﻭﺍﺡ ﺍﻷ ﻤﻥ ﻫﺫﺍ ﺍﻟﺒﺤﺙ ﻫﻭ ﺘﺼﻤﻴﻡ ﻭﺩﺭﺍﺴﺔ ﻨﻅﺎﻡ ﺘﺒﺭﻴﺩ ﺒﺎﻰﺍﻟﻬﺩﻑ ﺍﻟﺭﺌﻴﺴ
ﺕ ﺍﻟﻅﺭﻭﻑ ﺍﻟﻤﻨﺎﺨﻴﺔ ﻟﻭﺴﻁ ﺘﺤ( ﻤﻜﺘﺏ)ﻨﻭﺍﻉ ﺍﻟﻤﺒﺎﻨﻲ ﺃ ﻋﻠﻰ ﻨﻤﻭﺫﺝ ﻤﺼﻐﺭ ﻤﻥ ﺘﻁﺒﻴﻘﻪ
ﺩ ﺍﻟﺘﻘﻠﻴﺩﻴﺔ ﺒﺭﻴﻨﻅﻤﺔ ﺍﻟﺘﺄﺸﻌﺎﻋﻴﺔ ﻤﻘﺎﺭﻨﺔ ﺒﻹﻟﻭﺍﺡ ﺍﻷﻨﻅﻤﺔ ﺍﻟﺘﺒﺭﻴﺩ ﺒﺎﺃﺴﺘﻜﺸﺎﻑ ﻤﻨﺎﻓﻊ ﻹﺍﻟﺴﻭﺩﺍﻥ 
  (.ﻨﻅﻤﺔ ﺤﺠﻡ ﺍﻟﻬﻭﺍﺀ ﺍﻟﻤﺘﻐﻴﺭﺃ)
ﻟﺘﻘﻴﻴﻡ ﻨﻤﻭﺫﺝ ﺍﻟﻤﺤﺎﻜﺎﺓ ( ﺩﻁﺭﻴﻘﺔ ﺍﻟﻔﺭﻕ ﺍﻟﻤﺤﺩ)ﻟﻌﺎﺒﺭ ﻟﻠﻤﺒﻨﻰ ﻨﺘﻘﺎل ﺍﻟﺤﺭﺍﺭﺓ ﺍﺇﻡ ﺍﺴﺘﺨﺩﺘﻡ ﺇ
ﻟﺤﺴﺎﺏ ﺍﻨﺘﻘﺎل ﺍﻟﺤﺭﺍﺭﺓ ﺍﻟﻌﺎﺒﺭ ﺨﻼل ( ﻤﺎﺘﻼﺏ)ﺴﺘﻌﺎﻥ ﺍﻟﺒﺎﺤﺙ ﺒﺒﺭﻨﺎﻤﺞ ﺍﻟﺤﺎﺴﻭﺏ ﺇ، ﺤﻴﺙ 
ﺨﺭﻯ ﻟﻠﺤﻴﺯ ﺒﻁﺭﻴﻘﺔ ﻷﺎل ﺍﺤﻤﻷﺤﺩﺩﺕ ﺍ ﻟﻠﺤﻴﺯ ﺍﻟﻤﻜﻴﻑ ﻭ (ﺤﻤﺎل ﻤﺘﻐﻴﺭﺓﺃ)ﺍﻟﺤﻭﺍﺌﻁ ﻭﺍﻟﺴﻘﻑ 
  .ﺍﻟﻘﻴﺎﺴﻴﺔ ( EARHSA)
 ،(ﺸﻌﺎﻋﻴﺔﻹﻟﻭﺍﺡ ﺍﻷﻨﻅﺎﻡ ﺍﻟﺘﺒﺭﻴﺩ ﺒﺎ)ﻭﻤﺔ ﺍﻟﺘﺒﺭﻴﺩ  ﻤﻨﻅﺘﺼﻤﻴﻡ  ﺘﻡﺒﻌﺩ ﺤﺴﺎﺏ ﺤﻤل ﺍﻟﺘﺒﺭﻴﺩ
ﻤﺭﻜﺒﺔ ﻓﻲ ( ﻤﺘﺭ50.1× ﻤﺘﺭ3.1)ﻟﻭﺍﺡ ﺍﻟﻤﻭﻨﻴﻭﻡ ﻤﻘﺎﺱ ﺃﺭﺒﻌﺔ ﺃﻴﺘﻜﻭﻥ ﻫﺫﺍ ﺍﻟﻨﻅﺎﻡ ﻤﻥ ﺤﻴﺙ 
 ﻜل ﻟﻭﺡ ﻋﻠﻰ ﺜﻼﺜﺔ  ﻴﺤﺘﻭﻱ.(ﻤﺘﺭ50.3× ﻤﺘﺭ 2× ﻤﺘﺭ 22.4)ﺴﻘﻑ ﺍﻟﺤﻴﺯ ﺍﻟﻤﺭﺍﺩ ﺘﻜﻴﻴﻔﻪ 
ﻟﻴﺎﻑ ﻷﺒﺎﺍﻟﻤﻌﺯﻭل ﺍﻟﺴﻁﺢ  ﻭ ﻤﺜﺒﺘﺔ ﻋﻠﻰ (ﻤﻌﺭﺠﺔ)ﻨﺤﺎﺴﻴﺔ ﻤﻠﻔﻭﻓﺔ ﺍﻟﻨﺎﺒﻴﺏ ﺍﻷﻋﺸﺭ ﻤﻥ 
  . ﺨﺭ ﻟﻤﻨﻊ ﺍﻟﺤﺭﺍﺭﺓ ﺍﻟﻤﻜﺘﺴﺒﺔ ﻤﻥ ﺍﻟﺴﻘﻑ ﻷ ﺍﻟﺠﺎﻨﺏ ﺍﻤﻥ ﺍﻟﺨﻠﻑ  ﻓﻲ ﺍﻟﺯﺠﺎﺠﻴﺔ
ﻨﻅﻭﻤﺔ ﺍﻟﺘﺒﺭﻴﺩ ﺍﻟﺘﻲ ﺘﺘﻜﻭﻥ ﻤﻥ ﻭﺤﺩﺓ ﻤﺜﻠﺞ ﻤﻴﺎﻩ ، ﻤﻨﺠﺯ ﺍﻟﺘﺤﻘﻴﻕ ﺍﻟﺘﺠﺭﻴﺒﻲ ﺒﻭﺍﺴﻁﺔ ﺃ
ﻤﺘﺩﺕ ﻓﺘﺭﺓ ﺍﻟﺘﺠﺎﺭﺏ ﺍﻟﻌﻤﻠﻴﺔ ﺸﻬﺭ ﻭﺍﺤﺩ ﺇ. ﺸﻌﺎﻋﻴﺔ ﻹﻟﻭﺍﺡ ﺍﻟﺘﺒﺭﻴﺩ ﺍﺃ ﻭﻤﻠﻑ ﻭ ﻤﺭﻭﺤﺔﻭﺤﺩﺓ 
ﺘﺒﺩﺃ ﺍﻟﺘﺠﺎﺭﺏ ﻜل ﻴﻭﻡ ﻤﻥ ﺍﻟﺴﺎﻋﺔ ﺍﻟﺜﺎﻤﻨﺔ ﺼﺒﺎﺤﺎﹰ ( ﻡ6002 ﺍﻜﺘﻭﺒﺭ 02ﻟﻲ ﺇ ﺴﺒﺘﻤﺒﺭ 91ﻤﻥ ) 
 21ﺼﺒﺎﺤﺎﹰ ، 01) ﻟﺘﺴﺠﻴل ﺍﻟﺒﻴﺎﻨﺎﺕ ﺃﻭﻗﺎﺕﺭﺒﻌﺔ ﺃﺨﺘﻴﺭﺕ ﺃ. ﺤﺘﻰ ﺍﻟﺴﺎﻋﺔ ﺍﻟﺭﺍﺒﻌﺔ ﻤﺴﺎﺀﺍﹰ
  .ﺸﻌﺎﻋﻴﺔﻹﻟﻭﺍﺡ ﺍﻷﻼﺤﻴﺔ ﻨﻅﺎﻡ ﺍﻟﺘﺒﺭﻴﺩ ﺒﺎﻭﺫﻟﻙ ﻟﺘﻘﻴﻴﻡ ﺼ( ﻤﺴﺎﺀﺍﹰ4ﻅﻬﺭﺍﹰ ﻭ2ﻅﻬﺭﺍﹰ ، 
ﺘﻬﻭﻴﺔ )ﻭﻤﺔ ﻫﻭﺍﺀ ﺍﻟﺘﻬﻭﻴﺔ ﺸﻌﺎﻋﻴﺔ ﻤﻊ ﻤﻨﻅﻹﻟﺘﺒﺭﻴﺩ ﺒﺎﻷﻟﻭﺍﺡ ﺍﺃﻭﻀﺤﺕ ﺍﻟﻨﺘﺎﺌﺞ ﺃﻥ ﻨﻅﺎﻡ ﺍ
ﻤﻥ ﻨﻅﺎﻡ ﺤﺠﻡ ﺍﻟﻬﻭﺍﺀ ﺍﻟﻤﺘﻐﻴﺭ ﻓﻲ % 3.53ﻭ % 12ﻴﻭﻓﺭ ﺍﻟﻘﺩﺭﺓ ﺍﻟﻤﻁﻠﻭﺒﺔ ﺒﻨﺴﺒﺔ ( ﻤﻜﻴﺎﻨﻴﻜﻴﺔ
 ﻀﺎﻓﺔ ﺍﻟﻲ ﺫﻟﻙﻹ، ﺒﺎﻲﻫﻭﺍﺀ ﻨﻘﻲ ﻓﻲ ﻜٍل ﻋﻠﻰ ﺍﻟﺘﻭﺍﻟ% 001ﺤﺎﻟﺔ ﺇﺴﺘﺨﺩﺍﻡ ﺍﻟﻬﻭﺍﺀ ﺍﻟﺭﺍﺠﻊ ﻭ 
ﺴﺘﻬﻼﻙ ﻁﺎﻗﺔ ﺍﻟﻤﺒﻨﻰ  ﻭﻟﻜﻥ ﻴﺤﺴﻥ ﺇﻥ ﻨﻅﺎﻡ ﺍﻟﺘﺒﺭﻴﺩ ﻟﻴﺱ ﻓﻘﻁ ﻴﺨﻔﺽ ﺃﺘﺸﻴﺭ ﺍﻟﺩﺭﺍﺴﺔ ﺍﻟﻤﻘﺩﻤﺔ 
  ﻤﻊ ﻋﺩﻡ ﻭﺠﻭﺩ(ﻫﻭﺍﺀ ﻨﻘﻲ ﻭﺘﻭﺯﻴﻊ ﺩﺭﺠﺎﺕ ﺤﺭﺍﺭﺓ ﻤﻨﺘﻅﻤﺔ% 001)ﻨﺴﺎﻥ ﻹﺭﺍﺤﺔ ﺍ
  .ﺩﺍﺨل ﺍﻟﺤﻴﺯ ﺍﻟﻤﻜﻴﻑ( ﺴﺘﺨﺩﺍﻡ ﻫﻭﺍﺀ ﺘﻬﻭﻴﺔ ﻗﻠﻴﻠﺔﺇ)ﻀﻭﻀﺎﺀ 
ﺭ ﻨﺴﺎﻥ ﻭﻴﻭﻓﻹﺔ ﻟﻪ ﻓﻭﺍﺌﺩ ﻋﻅﻴﻤﺔ ﻟﺘﺤﺴﻴﻥ ﺭﺍﺤﺔ ﺍﺸﻌﺎﻋﻴﻹﻟﻭﺍﺡ ﺍﻷﺨﻴﺭﺍﹰ ، ﻨﻅﺎﻡ ﺍﻟﺘﺒﺭﻴﺩ ﺒﺎﺃ
ﻥ ﻫﺫﺍ ﺍﻟﻨﻅﺎﻡ ﻤﻨﺎﺴﺏ ﺃ ﻭﺠﺩ  ﻗﻭﺭﻥ ﺒﻨﻅﺎﻡ ﺤﺠﻡ ﺍﻟﻬﻭﺍﺀ ﺍﻟﻤﺘﻐﻴﺭ ﻜﺫﻟﻙﺫﺍ ﻤﺎﺇﺍﻟﻘﺩﺭﺓ ﺍﻟﻤﻁﻠﻭﺒﺔ 
  ﺍﻟﻘﺎﺌﻠﺔ ﻤﺒﻴﻥ ﻓﻲ ﻫﺫﻩ ﺍﻟﺩﺭﺍﺴﺔ ﺒﺴﺒﺏ ﺍﻟﺤﻘﻴﻘﺔ ﻫﻭﻜﻤﺎ( ﺍﻟﺨﺭﻁﻭﻡ)ﻓﻲ ﺍﻟﺒﻴﺌﺔ ﺍﻟﺤﺎﺭﺓ ﻭﺍﻟﺠﺎﻓﺔ 
V 
ﺃﻜﺜﺭ ﻤﻨﺎﻁﻕ ﺍﻟﻌﺎﻟﻡ ﺤﺭﺍﺭﺓﹰ ﻭ ﻤﻥ  ﺓﻌﺘﺒﺭ ﻭﺍﺤﺩﺴﺘﻭﺍﺌﻲ ﻭﺍﻟﻘﺎﺭﻱ ﺘﻹ ﺍﺄﻥ ﺍﻟﺨﺭﻁﻭﻡ ﺒﻤﻭﻗﻌﻬﺎﺒ












































The main objective of this research was to design and investigate a 
radiant panel cooling system on small scale building type (office) under 
the central Sudan climatic conditions so as to explore the benefits of 
radiant cooling systems over conventional air conditioning systems (VAV 
systems).  
Transient heat conduction of building (finite difference method) was 
used to evaluate the simulation model. The computer program (Matlab) 
was used to calculate transient heat flow through the walls and ceiling 
(variable loads) of the conditioned space. Other heat loads of the 
conditioned space were determined by the standard ASHRAE method. 
After the cooling load was calculated, the cooling system (radiant 
cooling panel system) was designed. This system consists of four (1.3m x 
1.05m) panels made out of aluminum sheet metal and was installed on the 
ceiling of the conditioned space (4.22m x 2m x 3.05m). Each panel 
consists of thirteen serpentine copper tubes fixed down on one side of the 
sheet and insulated with fiberglass at the back of the other side to prevent 
heat gains from the plenum. 
 The experimental verification was achieved by using a cooling 
system which consists of a water chiller unit, fan coil unit (ducted fan coil 
unit) and radiant cooling panels. The duration of the experimental work 
took around one month (from 19th September to 21ist October 2006). Tests 
were conducted every day starting from 8 am up to 4 pm. In these tests 
four time intervals are selected for data recording (10am, 12pm, 2pm and 
4pm) to evaluate the validity of the radiant cooling panel system. 
The experimental results showed that the ceiling radiant cooling 
panel system with dedicated outdoor air system saves power demand of 
21% and 35.3% of VAV system in case if recirculation air and 100% 
 VII
fresh air are used in each respectively. In addition, the present 
investigation indicates that the radiant cooling system not only reduces 
the building energy consumption but also improve the human comfort 
(100% fresh air and uniform temperatures distribution) with no noise 
(minimum supply air is used) in the conditioned space. 
Finally, the ceiling radiant cooling panel system has great 
advantages to improve human comfort and to save power demand when 
compared with VAV system. This system was found to be very suitable 
for a hot and arid environment (Khartoum) as shown in this investigation 
due to the fact that Sudan with its tropical and continental location is 
considered one of the hottest and arid regions in the world. This fact 
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Achieving cooling in hot climates has long been a human 
preoccupation. For thousands of years, people have used varieties of 
architectural techniques (thermal mass, shading, strategically-place vents, 
etc.) to adapt dwelling design and cultural practice to local climate 
conditions. After the industrial revolution, many of these techniques were 
adapted to the new requirements of large buildings. The tradition of 
massive, day lit buildings, with courtyards is still visible today in older 
European and North American office buildings, especially in the south 
[1]. 
In 1902, while searching for a method to control humidity of a 
printing plant, Carrier invented the refrigerative chiller. Within a few 
years, the world had access to a device that could cool boxy, sealed 
building, regardless of how much heat it gained and trapped. However, 
the mechanical cooling of buildings did not become widespread in the 
United States until after World War II. As the electrification of the 
American South progressed, air-conditioning was first introduced in 
movie theaters, and then made its way into factories, department stores 
and even automobiles [1]. 
In the 1950s air-conditioning played a significant role as stimulus 
to commercial and residential growth in the American Southwest. Since 
then, it has evolved from a region-specific solution to a perceived 
necessary virtually nationwide. One of the consequences of today's 
intensive use air-conditioning is that building professionals have lost 
much of their ability to design climate-responsive buildings. The 
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compartmentalization of the building profession, and the divergent 
interests of the different parties involved in the building process, makes 
modern buildings costlier to build, and considerably costlier to cool and 
ventilate than need be. In addition worker surveys reveal that commercial 
building occupants are increasingly dissatisfied with thermal conditions 
of their workplace, and that occupant exposure to air-conditioning 
environments sometimes leads to adverse health conditions. When trying 
to address these problems, innovative designers have began to recognize 
the importance of restoring some natural variability into buildings, 
thereby making interior spaces healthier, more pleasant, and often more 
energy efficient. However, due to the same divergence of interests among 
the parties involved in the building process, this attempt to return to 
climate-responsive design is slow and inefficient [1].                          
1.2. Historical Development of Radiant Cooling Systems 
Mechanical heating and cooling of indoor space has been practiced 
for a long time. The thermal structure at Bath, England and Rome, Italy, 
represent the first known type of large-surface radiant heating system. 
Built more than 2000 years ago, the Roman hypocaust system consisted 
of raised floors made of concrete in mosaic tiles. Hot gases from a 
furnace traveled through the hollow spaces under the raised floors until 
they were released in the atmosphere through the flue in a wall. 
Anecdotal information suggests that, around the same time, the Turks 
were cooling their dwelling by tapping cold river water and circulating 
through interstices in wall or floors [1]. 
Radiant heating as practiced by the Romans was not adopted 
throughout the world. One possible explanation resides in the cost of the 
installations in the Roman thermal buildings, as well as in the complexity 
of their design. Instead, for centuries fireplaces served as a main source of 
heat. Around the middle of the 18th century cast-iron stoves became the 
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preferred heating source. Next, the hot water boiler was introduced, 
together with its system of large pipes through which the hot water was 
carried. The first known such design is attributed to Sir John Stone, who 
installed a heating system of pipes in the Bank of England in 1790. From 
here the design of radiators evolved gradually, the use of water giving 
way to that of steam, then again to water, this time pumped through 
thinner pipes. The compact radiators used today were introduced at the 
beginning of the last century [1].  
The modern development of radiant heating started in 1907, when 
Arthur H. Barker a British professor, discovered that small hot water 
pipes embedded in the plaster or concrete formed very efficient heating 
system. Subsequently, ''panel heating'' was used in Europe in 
conventional buildings, on the open terraces of many sanatoriums and in 
an open air-roofed pavilion at a British World Fair. In the US Frank 
Lloyd Wright installed radiant panel heating in the Johnson Wax Building 
in 1973. By 1940, ''Architectural Record'' reported the existence of eight 
such installations in different types of buildings in US: four residences a 
church a high school, an office building, and an air plain hanger. In the 
beginning radiant systems were considered suitable for moderate climates 
only. Over time, however, projects showed that radiant heating can be 
designed to operate efficiency and comfortably in any climate [1]. 
Radiant heating installations are easily converted into radiant 
cooling installations by running cold water through the radiant panels. 
Most of the early cooling ceiling systems developed in the 1930s failed, 
however, because condensation often occurred in cooling mode. 
Subsequent studies showed that this problem could be avoided if the 
radiant system was used in lower the dew-point of indoor air. This 
combination proved successful in a department store multi-storey 
building built in the early 1950s in Canada [1]. 
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The ceiling radiant cooling panel (CRCP) system was first 
introduced in European countries and has become one of the popular 
design alternatives for space cooling in North West Europe where the 
climate is relatively mild and dry. However to date, the CRCP system has 
not penetrated US market because of traditional negative perceptions of 
condensation, leakage, first cost and cooling capacity [2]. 
Hydronic radiant cooling systems have been used for more than 30 
years in hospital rooms to provide a draft-free, thermally stable 
environment. The energy savings and peak load characteristic of these 
systems have not been yet analyzed systematically. Moreover, adequate 
guidelines for design and control of these systems do not exist. This has 
prevented their widespread application to other building types [3].    
In early 1990s, interest in the CRCP began to increase once the 
condensation issues had been addressed by independent ventilation 
system designed to meet the entire space latent load and the required 
ventilation rate. First of all, the energy conservation and indoor air quality 
(IAQ) benefits of the decoupled (or hybrid) system began to attract 
attention. In addition, it was also indicated that traditional negative 
perceptions on the CRCP system need no longer bet valid [2]. 
The use of radiant heating/cooling systems in houses has been 
growing in recent years. In Europe for example, the use of radiant 
systems technique represents more than 50% in newly constructed houses 
[4]. 
1.3. Problems of Conventional All-Air Systems 
Air-conditioning systems are designed to control indoor 
temperature and humidity, and to provide fresh, filtered air to building 
occupants. The majority of air-conditioning systems currently in 
operation are all-air systems, meaning that they employ air not only for 
the ventilation task, but also as a heat and humidity transfer medium [1].  
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 All air variable air volume (VAV) systems are widely used for 
space air conditioning in many types of buildings. VAV systems emerged 
as a popular choice during the energy crisis in 1970s, and significantly 
contributed to reducing energy consumption in the building sector. 
However, VAV systems exhibit several critical deficiencies which have 
never been overcome [5]. 
All-air systems can employ one of two strategies to remove heat 
from a building: (1) supply the required amount of ventilation air at a 
very low temperature (cold air distribution systems), and (2) supply 
moderately cool air at a rate exceeding the required amount of ventilation 
air (recirculating air systems). The first strategy leads to the uneven 
distribution of fresh air in the occupied zone. The second strategy 
achieves better mixing, but often leads to draft, as the air flow is normally 
turbulent in the occupied zone. Depending on the air temperature and 
turbulence level, even low air velocities (less than 0.2 m/s) have been 
shown to elicit complaints from 10 to 20% of the building occupants [1]. 
 Some of the well-known problems encountered conventional VAV 
system include; (1) Significant fan energy (often the largest energy 
consumer in such systems) is required to transport energy to or from the 
spaces by means of air. Actually hydronic systems can transport the same 
heat as all air systems with far less transport energy use. (2). VAV 
systems can not guarantee the individual spaces will always, or ever, 
receive the outdoor air ventilation required by ANSI/ASHRAE Standard 
62-2001 (ASHRAE 2001) [5]. (3) The supply air (SA) quantities in 
conventional VAV systems are controlled by the space dry bulb 
temperature (DBT), without regard for space relative humidity. When the 
space sensible load is smaller than the design sensible load (i.e. the part 
load condition) humidity control is lost [5]. (4) A VAV system is a 
cooling-only system in most applications, thus, varying the volume can 
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only provide varying amounts of cooling. In climates where space heat is 
required a heating capability must be added to the variable air volume 
feature [6]. (5) Varying the velocity from a diffuser downward from its 
design value resulted in the creation of comfort problems, like [6]: 
• Poor air distribution 
• Inadequate ambient air velocity 
• Lack of temperature homogeneity  
• Dumping of cold air 
1.4. Research Motivation 
 The available information regarding the performance of radiant 
cooling systems indicates that these systems not only reduce the energy 
consumption (by separating the tasks of the thermal conditioning and 
ventilation) and peak power demand due to space condition, but that they 
also provide draft-free and noise-free cooling, reduce building space 
requirements. Feustel and Setiu estimated that the use of radiant cooling 
systems in the commercial buildings in the US could reduce the building 
energy consumption due to the space conditioning by 40% and peak 
power demand by 28% [1]. 
 The Sudan with its tropical and continental location is considered 
one of the hottest regions where temperatures are high through most of 
the year. Also the climatic conditions resulting mostly dry, hot and semi-
dry hot zones [7]. This phenomenon can reduce the problems of 
condensation on the ceiling panel surfaces (radiant cooling systems are 
suitable for hot arid environment).  
Significant energy savings by the radiant cooling systems and their 
relative advantages (cooling panels/chilled beams in combination with a 
dedicated outdoor air system can reduce cooling and ventilation energy 
consumption by 25 – 30% relative to a variable air volume system) [8]. 
For these reasons and the problems of conventional all air systems as 
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mentioned above, a radiant cooling panel system is selected for further 
investigation and analysis in this research work. 
1.5. Thesis Objectives 
• To design and investigate a radiant cooling panel system in an 
office building under central Sudan climatic conditions. 
• To compare the use of radiant cooling systems with conventional 
air conditioning systems (VAV systems).  
• To assess thermal comfort of a system under ASHRAE conditions. 
1.6. Thesis Outline 
This thesis is arranged as follows. Chapter 2 presents literature 
review and the basic knowledge about the radiant cooling panel systems 
technology. Chapter 3 describes development of the simulation model. 
Chapter 4 explains cooling load estimation of conditioned space using 
finite difference method (variable load). Chapter 5 shows experimental 
set-up. Results and conclusion are illustrated in chapter 6. Final chapter 



















2.1. Basic Concept of Radiant Cooling Panel Systems 
Panel heating and cooling uses controlled temperature surfaces on 
the floor, walls, or ceiling. The temperature is maintained by circulating 
water, air, or electric current through a circuit embedded in the panel. A 
controlled temperature surface is called radiant panel if 50% or more of 
the heat transfer is by radiation to the other surfaces seen by the panel. 
Radiant panel systems may be combined either with a central station 
system of one- zone, constant temperature and constant volume design or 
with dual-duct, reheat, multi-zone or variable systems. These combined 
systems are called hybrid HVAC systems [9]. 
Radiant heating and cooling applications are classified as panel 
heating or cooling if the surface temperature is below 150°C and are 
classified as low, medium or high-intensity if the surface or the source 
temperature range exceeds 150°C. Radiant energy is transmitted by 
electromagnetic waves that travel in straight lines which can be reflected, 
and heat solid objects but do not heat the air through which the energy is 
transmitted. Because of these characteristics, radiant systems are effective 
for both spot heating and space heating or cooling requirements for an 
entire building [10]. 
Hydronic radiant cooling systems are "air-and-water" systems, with 
an outside air ventilation system providing fresh air, and a hydronic 
thermal distribution system with a radiant heat exchanger providing 
thermal conditioning (either heating or cooling) [11]. 
Radiant cooling follows the same principles as radiant heating, but 
in reverse. To ensure air quantity and removal of the moisture load of the 
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room, radiant cooling panels need to be used in conjunction with small 
ventilation system. However, since, radiant cooling systems do not use 
forced little or no draft air in the room is created. This reduction in the 
drafts provides a very comfortable environment for the occupants of the 
cooled space [12]. 
2.2. Working Procedure of Radiant Cooling Panel Systems 
Radiant cooling follows the same principles as radiant heating. The 
heat transfer occurs between the space and the panels through a 
temperature differential. However, unlike radiant heating, the colder 
ceiling absorbs the thermal energy radiating from people and their 
surroundings. The major difference between cooled ceilings and air 
cooling is the heat transfer mechanism. Air cooling uses convection only, 
whereas cooled ceilings use a combination of radiation and convection. 
This amount of radiative heat transfer can be as high as fifty five per cent, 
while convection accounts for the remainder. With cold ceilings, the 
radiative heat transfer occurs through a net emission of electromagnetic 
waves from the warm occupants and their surroundings to the cool 
ceiling. On the other hand, convection first cools the room air due to 
contact with the cold ceiling, creating convection currents within the 
space which transfers the heat from its source to the ceiling where it is 
absorbed [12]. 
Radiant cooling ceiling panels contain chilled water running 
through the pipes that are bonded to the non-visible side of the panels. 
The ceiling panels function as heat exchangers between the room air and 
the chilled water. The ceiling absorbs heat from the heat sources in a 
room and exchanges it with circulating chilled water. The chilled water is 
then pumped to a chiller, recooled and returned to the ceiling. Figure 2.1 
shows the typical heat flow in a radiant cooling ceiling system. The heat 
emitted in the room is radiated from a warm body to the cool ceiling. As 
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the ceiling is warmed, it conducts the heat through the ceiling to the 
chilled water. The water transports the energy to a chiller where the room 











    Figure 2.1. Schematic of heat removal with radiant cooling ceilings  
   [13]  
 
2.3. Types of Hydronic Radiant Cooling Systems 
There are various types of hydronic radiant cooling systems: metal 
ceiling panels, chilled beams, tube imbedded in ceilings, walls, and floors 
[14]. hydroic Radiant cooling systems are broadly subdivided into three 
groups as depicted in the following: 
2.3.1. Suspended panel ceiling system 
In those system alternatives, metal CRCPs are widely used and 
frequently installed on T-bar grids designed to support the dropped 
acoustical ceiling. The panels in the dropped ceiling are top loaded with 
insulation to prevent heat gain from the plenum space. This top insulated 
CRCP system is also called a closed type CRCP system by 
manufacturers. On the other hand, free hanging metal CRCPs suspended 
under the room ceiling by wire hangers without topside insulation are 
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also frequently used for space cooling. In the free hanging CRCP, both 
top and bottom surface of the panel are used as heat transfer surfaces. 
Therefore, total cooling capacity per unit panel area is higher than that of 
the top insulated panel. Consequently, the ceiling coverage ratio (CCR), a 
ratio of total panel area to ceiling area, is usually less than 50% in most 
spaces where free hanging panels are installed [14]; building with ceiling 
radiant cooling  systems, also known as "chilled beam" systems [15]. 
Metal ceiling panels bonded to copper tubing and chilled beam are shown 





       
   
        
 

















         
  Figure 2.3. Chilled beam panel [15] 
 
CRCPs are commercially available in a linear or modular form to 
fit well into a suspended ceiling grid. The panel’s fins are constructed 
mainly of either aluminum or copper. Copper tubing (serpentine or 
parallel flow arrangements) is thermally bonded to the fin. The CRCPs 
are installed with a blanket of insulation back loaded on top to minimize 
heat transfer with the plenum [16]. Figure 2.4 explains linear and modular 

















Figure 2.4. Linear and modular 4 pipes arrangement [12] 
2.3.2. Concrete core ceiling system 
A core-cooled ceiling (figure 2.5) is the cooling equivalent of a 
floor heating system (figure 2.6). In this system, water is circulated 
through plastic tubes embedded in the core of a concrete ceiling. This 
layout allows the system to take advantage of the large storage capacity 
of the concrete and provides the opportunity to shift the building peak 
load away from the utility grid peak. Temperatures are very stable 
throughout the facility and users report excellent comfort, but there are 




















       Figure 2.6a.  Coils in floor slab on grade [9] 
 
 
Figure 2.6b. A cut-away view of a modern heated slab-on-grade floor 
[18] 
Figure 2.6. Floor heating system  
 
2.3.3. Capillary tubes system 
Cooling grids made of capillary tubes placed close to each other 
(figure 2.7) can be embedded in plaster or gypsum board or mounted on 
ceiling panels. This system provides an even surface temperature 
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distribution. Due to the flexibility of the plastic tubes, cooling grids might 









               Figure 2.7.  Capillary tubes [17] 
 
2.4. Applications of Radiant Cooling Panel System 
Radiant cooling panels are mainly used in public buildings. These 
include: hospitals, office buildings, libraries, museums, schools, nursing 
homes and many more. Radiant cooling panels can be installed anywhere 
radiant heating panels are used [12]. 
2.5. Heat Transfer by Panel Surfaces 
Sensible heat is removed from the space by a combination of 
convection and radiation. In most applications, the heat removed by each 
of the two mechanisms is roughly equal, governed by the differential 
between the panel mean temperature and the enclosure mean temperature 
[19]. 
A heated or cooled panel transfers heat to or from a room by 
radiation and convection, and is described as follows:  
2.5.1. Radiant heat transfer 
The radiant heat transfer is governed by the Stefan-Boltzmann 
equation. For most building enclosure cases encountered in practice, the 
enclosure emittances are about 0.9, and the view factor between the 
ceiling and the balance of the enclosure is at least 0.87. When these 
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common values are placed into the Stefan-Boltzmann equation, the 
following equation emerges [19]: 
                                    (2.1) 
2.5.2. Convection heat transfer 
The rate of heat transfer by convection is a combination of natural 
and forced convection. Natural convection results from the cooled air in 
the boundary layer just below the panels being displaced by warmer air in 
the room. This natural process can be altered or even changed to forced 
convection by infiltration, human activity, and the mechanical ventilation 
systems. Research suggests that for practical panel cooling applications 
without forced convection, the cooling natural convection heat transfer is 
given by the following equation [19]. 
                               (2.2) 
2.5.3. Combined radiant and convection heat transfer 
When the two mechanisms are combined, the rate of heat transfer 
for a space at (24°C) and a panel temperature of (16°C) is (76 W/m2). The 
associated overall heat transfer coefficient (based upon the occupied 
space radiant panel surface area) is (9.1 W/m2·°C). Rates of heat transfer 
and associated overall heat transfer coefficients for other room and panel 
temperatures are presented in Table (2.1). The 1996 ASHRAE 
Handbook-Systems and Equipment (ASHRAE 1996) notes that with 
forced convection, the total rate of heat transfer by the combined 
mechanism remains about the same as with natural convection. Table 
(2.1) illustrates two points that are discussed. First, the greater the 
difference between the mean panel temperature and the room 
temperature, the greater the heat transfer. Second, even though the radiant 
heat transfer is highly nonlinear, the overall U-factors are relatively 
constant in the ranges of temperatures presented in the table. This 
( ) ( )[ ]4481015.0 AUSTtxQ pr −= −
( )apapc ttttQ −−= 31.031.0
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observation is used next to compute the mean panel temperatures from 
first principles and geometric data [16]. 










2.6. Transient Conduction Heat Transfer 
Transient state is a state of non-equilibrium, when the temperatures 
are still changing with time [20]. The temperature of a body, in general, 
varies with time as well as position. In rectangular coordinates, this 
variation is expressed as T(x, y, z, t), where (x, y, z) indicates variation in 
the x, y, and z directions, respectively, and t indicates variation with time 
[21]. 
The non-steady conduction equation 2.3 [22], is written in this 
form, each side of conduction equation represents the time rate of the heat 
storage, per unit volume, at a point. General conduction equation is 





















                                                 (2.3)  
For one dimensional case equation 2.3 is formed as [22]: 






                                                           (2.4) 
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The explicit formulation is obtained by using the forward 
difference expression for the first derivative in place of time derivative on 
the right side of equation 2.4 [22]. 
Transient thermal analysis of walls or rooms may be performed 
with the following objectives [23]: 
• Peak heating/cooling load calculations 
•  Calculation of dynamic temperature variation within walls 
including solar effects, room temperature swings and condensation 
on wall interior surfaces. 
In the transient finite difference method, each wall layer is represented 
by one or more sub-layers (regions). Each region is represented by a node 
with a thermal capacitance C connected to two thermal resistances, each 
equal to half the R-value of the layer, forming a T-section [23]. 
For a multilayered wall, an energy balance is applied at each node 
at regular time intervals to obtain the temperature of the nodes as a 
function of time. These equations may be solved with the implicit method 
as a set of simultaneous equations or with the explicit method in which 
we march forward in time from a set of initial conditions [23]. 
In transient problems, however, the temperatures change with time 
as well as position, and thus the finite difference solution of transient 
problems requires discretization in time in addition to discretization in 
space, as shown in figure 2.8. This is done by selecting a suitable time 
step ∆t and solving for the unknown nodal temperatures repeatedly for 


















Figure 2.8. Finite difference formulation of time dependent problems 
involves discrete points in time as well as space [21] 
 
The nodes and the volume elements in transient problems are 
selected as they are in the steady case, and, again assuming all heat 
transfer is into the element for convenience, the energy balance on a 
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EGtQt ∆=×∆+×∆ ∑ &&                                             (2.6) 
Dividing equation 2.6 by t∆  gives 







∆=+∑ ρ&&                                    (2.7) 
For any node m  in the medium and its volume element [21],  















+∑ 1ρ&&                       (2.8) 
Where imT  and 
1+i
mT  are the temperatures of node m at times titi ∆=  and  
( ) titi ∆+=+ 11 , respectively, and imim TT −+1  represents the temperature 
change of the node during the time interval t∆  between the time steps i 











Figure 2.9. The change in the energy content of the volume element of 
a node during a time interval t∆ [21] 
 
2.7. Transient Heat Conduction in a Plane Wall 
Transient one-dimensional heat conduction in a plane wall of 
thickness L with heat generation ( )txg ,&  that may vary with time and 
position and constant conductivity k with a mesh size of and nodes 0, 1, 
2, . . ., M in the x-direction, as shown in Figure 2.10. Noting that the 
volume element of a general interior node m involves heat conduction 
from two sides and the volume of the element is ,xAVelement ∆=  the 
transient finite difference formulation for an interior node can be 
expressed on the basis of equation 2.6, as [21]: 
















− ++− 111 ρ&                    (2.9) 
Canceling the surface area A and multiplying by ∆x/k, it simplifies to [21] 
           ( )imimmmmm TTtxk xgTTT −∆∆=∆++− ++− 1
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11 2 α
&                                     (2.10) 
Where α =k/ρC is the thermal diffusivity of the wall material. A 
dimensionless mesh Fourier number is defined as follows: 
                                      2x
t
∆
∆= ατ                                                           (2.11) 
The equation 2.10 reduces to [21] 





























Figure 2.10. The nodal points and volume elements for the transient 
finite difference formulation of one-dimensional conduction in a 
plane wall [21] 
 
The explicit finite difference formulation is obtained by expressing 
left side of equation 2.12 at time step i as follows: 



















&     (explicit)                 (2.13)   
This equation can be solved explicitly for the new temperature 1+imT  
(and thus the name explicit method) to give: 















∆+−++= +−+ &ττ                               (2.14) 
For all interior nodes m= 1, 2, 3, . . . , M - 1 in a plane wall. 
Expressing the left side of equation 2.12 at time step (i + 1) instead of i 
would give the implicit finite difference formulation as follows: 

























&       (implicit)                   (2.15) 
This can be rearranged as: 
















&τττ                        (2.16) 
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The application of either the explicit or the implicit formulation to 
each of the M- 1 interior node gives M -1 equation [21]. 
The formulation of the convection boundary condition at the left 
boundary (node 0) for the explicit case as shown in figure 2.11 can be 
expressed as 
































Figure 2.11. Schematic for the explicit finite difference formulation of 
convection condition at the left boundary of a plane wall [21] 
          
Once the formulation (explicit or implicit) is complete and the 
initial condition is specified, the solution of a transient problem is 
obtained by marching in time using a step size of ∆t as follows: select a 
suitable time step ∆t and determine the nodal temperatures from the 
initial condition. Taking the initial temperatures as the previous solution 
at imT  at t = 0, obtain the new solution 1+imT  at all nodes at time t = ∆t using 
the transient finite difference relations. Now using the solution just 
obtained at t = ∆t as the previous solution, the new solution 1+imT  at t = 2∆t 
using the same relations is obtained. The process is repeated until the 
solution at the desired time is obtained [21]. 
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2.8. Transient Numerical Method 
The availability of high-speed computers and easy-to-use powerful 
software packages has had a major impact on engineering education and 
practice in recent years. Engineers in the past had to rely on analytical 
skills to solve significant engineering problems, and thus they had to 
undergo a rigorous training in mathematics. Today’s engineers, on the 
other hand, have access to a tremendous amount of computation power 
under their fingertips, and they mostly need to understand the physical 
nature of the problem and interpret the results. But they also need to 
understand how calculations are performed by the computers to develop 
an awareness of the processes involved and the limitations, while 
avoiding any possible pitfalls [21]. 
There are several ways of obtaining the numerical formulation of a 
heat conduction problem, such as the finite difference method, the finite 
element method, the boundary element method, and the energy balance 
(or control volume) method. Each method has its own advantages and 
disadvantages, and each is used in practice. 
2.9. Explicit and Implicit Method  
The nodal temperatures in transient problems normally change 
during each time step, one can be used temperatures at the previous time 
step i or the new time step i+1 for the terms on the left side of equation 
2.8 where, both are reasonable approaches and both are used in practice. 
The finite difference approach is called the explicit method in the first 
case and the implicit method in the second case, and they are expressed in 
the general form as (figure 2.12) [21]. 
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Figure 2.12.  The formulation of explicit and implicit methods differ 
at the time step (previous or new) at which the heat transfer and heat 
generation terms are expressed [21] 
 
It appears that the time derivative is expressed in forward 
difference form in the explicit case and backward difference form in the 
implicit case. Of course, it is also possible to mix the two fundamental 
formulations of equation 2.18 and 2.19 and come up with more elaborate 
formulations, but such formulations offer little insight and are beyond the 
scope of this text. Note that both formulations are simply expressions 
between the nodal temperatures before and after a time interval and are 
based on determining the new temperatures 1+imT  using the previous 
temperatures imT . The explicit and implicit formulations given here are 
quite general and can be used in any coordinate system regardless of the 
dimension of heat transfer. The volume elements in multidimensional 
cases simply have more surfaces and thus involve more terms in the 
summation [21]. 
2.10. Explicit versus Implicit Formulation 
The explicit and implicit methods have their advantages and 
disadvantages, and one method is not necessarily better than the other 
one. Next the explicit method is easy to implement but imposes a limit on 
the allowable time step to avoid instabilities in the solution, and the 
implicit method requires the nodal temperatures to be solved 
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simultaneously for each time step but imposes no limit on the magnitude 
of the time step [21].  
2.11. Stability Criterion for Explicit Method (Limitation on ∆t) 
Many finite difference formulae have the undesirable property that 
small initial and rounding errors become larger as the calculation 
proceeds, which in the end produces a false result. This phenomenon is 
called (numerical) instability. In contrast a difference formula is stable 
when the errors become smaller during the calculation run and therefore 
their effect on the result declines. Most difference equations are only 
conditionally stable, that is they are stable for certain step or mesh sizes 
[24]. 
The explicit method is easy to use, but it suffers from an 
undesirable feature that severely restricts its utility: the explicit method is 
not unconditionally stable, and the largest permissible value of the time 
step ∆t is limited by the stability criterion. If the time step ∆t is not 
sufficiently small, the solutions obtained by the explicit method may 
oscillate wildly and diverge from the actual solution. To avoid such 
divergent oscillations in nodal temperatures, the value of ∆t must be 
maintained below a certain upper limit established by the stability 
criterion. It can be shown mathematically or by a physical argument 
based on the second law of thermodynamics that the stability criterion is 
satisfied if the coefficients of all imT in the 1+imT  expressions (called the 
primary coefficients) are greater than or equal to zero for all nodes m 
(Figure 2.13). Of course, all the terms involving imT  for a particular node 
must be grouped together before this criterion is applied [21]. 
Different equations for different nodes may result in different 
restrictions on the size of the time step ∆t, and the criterion that is most 
restrictive should be used in the solution of the problem. A practical 
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approach is to identify the equation with the smallest primary coefficient 
since it is the most restrictive and to determine the allowable values of ∆t 
by applying the stability criterion to that equation only. A ∆t value 
obtained this way will also satisfy the stability criterion for all other 












Figure 2.13. The stability criterion of the explicit method requires all 
primary coefficients to be positive or zero [21] 
 
The explicit finite difference equations for all the nodes (which are 
interior nodes) are obtained from equation 2.14. The coefficient of imT  in 
the 1+imT  expression is 1-2τ, which is independent of the node number m, 
and thus the stability criterion for all nodes in this case is 1 - 2τ ≥ 0 or 
[21]. 






















2.12. Solution of Network Equations for the Explicit Case 
 The explicit formulation avoids the need of iterative or matrix 
inversion techniques, since each future nodal temperature can be 
individually calculated for a time increment δτ from only the current 
nodal temperatures [22]. Thus from equation 2.21, new temperatures are 
successively calculated at each node, starting with given initial 
temperature distribution in a network for a given δτ. Time is then 
incremented and the calculations are repeated. No iteration or matrix 
inversions are required. Only the stability requirement stated in equation 
2.25 needs to be satisfied. In practice it is wise to use increment smaller 
than the maximum. The reason for this practice is a combination of the 
desire to improve accuracy by reducing truncation error in time and to 
avoid instabilities by staying safely below the upper limit of δτ [22]. 











tt δτδτ1                                    (2.21) 
 The convective resistance, conductive resistance and thermal 
capacitance are computed from the following equations:                                        
 For convection                                       
cijij
ij Ah
R 1=                                  (2.22)           





δ=                                     (2.23)                          
   For thermal capacitance                  pii cVC ρ=                                  (2.24) 
    For stability condition                    1≤∑ j
iji CR
δτ                               (2.25)
  
The capacitors of the interior nodes are all equal to C while the 
surface node has a capacitance C/2. Since the nodes with capacitance C 
have two resistors, R, connected to them, and that with capacitance C/2 
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has only one resistor connected to it, the stability criterion of equation 
2.25 yields the same result for all nodes [22]: 
                                             12 ≤
RC
δτ                                                    (2.26)   
2.13. Thermal Comfort with a Radiant Cooling System 
 Thermal comfort must always be an important design consideration 
and is strongly governed by variables that influence the energy balance on 
the human occupants [19]. Thermal comfort as defined in ASHRAE 
Standard 55 is “that condition of mind which expresses satisfaction with 
the thermal environment.” No system is completely satisfactory unless 
the three main factors controlling heat transfer from human body 
(radiation, convection, and evaporation) result in the thermal neutrality 
[9]. Panel heating and cooling systems provide acceptable thermal 
environment by controlling surface temperature in an occupied space, 
thus affecting the radiant heat transfer [9]. 
 Temperature of air, in air conditioning, the control of temperature 
means the maintenance of any desired temperature within an enclosed 
space even though the temperature of the outside air is above or below the 
desired room temperature. This is accomplished either by the addition or 
removal of heat from the enclosed space according to demand. It may be 
noted that, the human being feels comfortable when the air temperature 
ranges 21 – 24oC and relative humidity lies between 40 – 60%. It has 
been noticed that people do not feel comfortable when breathing 
contaminated air. It is thus obvious that proper filtration, cleaning and 
purification of air is essential to keep it free from dust and other 
impurities. The circulation of air is another important factor which should 
be controlled, in order to keep constant temperature throughout the 
conditioned space [25]. 
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2.14. General Evaluation of Radiant Cooling Panel Systems  
 Principal advantages of radiant panel systems are the following [9]: 
• Comfort levels can be better than those of other conditioning 
systems because radiant loads are satisfied directly and air motion 
in the space is at normal ventilation levels. 
• Space-conditioning equipment is not needed at the outside walls; 
this simplifies the wall, floor, and structural systems. 
• Almost all mechanical equipment may be centrally located, 
simplifying maintenance and operation. 
• No space within the conditioned room is required for mechanical 
equipment. This feature is especially valuable in hospital patient 
rooms and other applications where space is at a premium, where 
maximum cleanliness is essential, or where it is dictated by legal 
requirements. 
• Draperies and curtains can be installed at the outside wall without 
interfering with the space-conditioning system. 
• When four-pipe systems are used, cooling and heating can be 
simultaneous, without central zoning or seasonal changeover. 
• Supply air quantities usually do not exceed those required for 
ventilation and dehumidification. 
• The modular panel provides flexibility to meet changes in 
partitioning. 
• A 100% outdoor air system may be installed with smaller penalties 
in terms of refrigeration load because of reduced air quantities. 
• A common central air system can serve both the interior and 
perimeter zones. 
• Wet surface cooling coils are eliminated from the occupied space, 
reducing the potential for septic contamination. 
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• The panel system can use the automatic sprinkler system piping. 
The maximum water temperature must not fuse the heads. 
• Radiant panel heating and cooling and minimum supply air 
quantities provide a draft-free environment. 
• Noise associated with fan-coil or induction units is eliminated. 
• Peak loads are reduced as a result of thermal energy storage in the 
panel structure, exposed walls, and partitions. 
• Panels can be coupled with other conditioning systems for heat loss 
(gain) compensation for cold or hot floors, windows, etc. 
2.15. Energy Savings 
There are several good reasons that the designers should consider 
including radiant cooling systems in new buildings in any of hot climate 
zones. Commercial buildings primarily cooled by radiant means are more 
comfortable than buildings cooled by traditional HVAC systems. The 
first costs for radiant systems are comparable with those for traditional 
variable-air volume (VAV) systems, but their lifetime energy savings 
over VAV systems are routinely 25 percent or even more [17]. 
Space conditioning energy is usually moved from chillers or 
boilers to radiant panels or concrete slabs using water as a medium. This 
produces impressive savings, since water has roughly 3,500 times the 
energy transport capacity of air. Even accounting for the pressure drop 
involved in pumping water throughout a building, a hydronic (water FCU 
& AHU air) system can transport a given amount of cooling with less 
than 5 percent of the energy required to deliver cool air with fans [16]. 
In most commercial buildings, both cooling and ventilation are 
accomplished by circulating large volumes of air throughout the 
conditioned space. This requires substantial fan power and large ducts, 
and it’s a source of drafts and noise. With a radiant space conditioning 
system, the ventilating function is separate; the volume of air moved and 
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the components to move it can be roughly five times smaller. Fan power 
is saved and ducts can be smaller [16]. 
A radiant cooling system is a more efficient means of cooling an 
environment than a forced flow system. This is due to the fact that it is 
much easier a task to pump water, than it is to blow air. The actual 
amount of energy saved is dependent on many factors, including how 
well the building is insulated, the building size, and whether or not the 
system takes advantage of free cooling [11]. 
There have been a few studies on the energy savings created by 
radiant panels. International Energy Studies have performed tests of 
Hydronic Radiant Cooling in a High-rise Office Building in Oakland, 
California, which demonstrates some of the cost savings associated with 
this technology. The Lawrence Berkeley National Laboratory also has 
performed studies of the energy savings of Hydronic Radiant Cooling 
Systems [11]. 
2.15.1. Maintenance cost 
There is a very little involved with the maintenance of a chilled 
ceiling. Once correctly installed, the radiant panels themselves would 
require little or no further maintenance. This is due to the fact that they 
have no moving parts, and that they are up and out of the way. The other 
equipment such as water pumps, control valves, dew point sensors, and 
chillers, would require some maintenance, but these would be standard 
operations. Less maintenance would be required for the air handling and 
air conditioning units due to the reduction in size and load required by the 
building [11]. 
2.15.2. Construction cost 
Although the costs associated with the supply and installation of a 
radiant ceiling may be slightly higher than a forced air system, there are 
other significant savings that should be taken into consideration. The first 
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and foremost saving is that of space. Because the required air volume has 
been reduced, the need for large amounts of duct work above the ceiling 
has been greatly reduced. This means that the plenum height could be 
reduced by approximately one foot per floor! A reduction in plenum 
height can be translated into a reduction in overall building height. If this 
technique were to be applied in the construction of a ten-story office 
tower, the total height of the building could be reduced by 3.05 (10'). This 
would translate into significant savings in material and labor in the 
construction of the building's structure [11]. 
2.15.3. Peak power demand for conventional and radiant cooling 
The hydronic radiant cooling system reduces peak power demand 
by pumping chilled water to provide radiant cooling, rather than by 
blowing chilled air. Note that the cooling load from lights decreases 
because the radiant system’s 100 percent outside air ventilation directly 
vents half of the lights’ heat to the outdoors. In conventional buildings, 
most of that heat stays in the building with recirculation supply air [17]. 



























Figure 2.14. Peak power demand for conventional and radiant 
cooling [17] 
 
After literature review of the radiant panel cooling systems is 
completed, transient heat conduction of building using finite difference 
method should be known.  Finite difference method is one of the most 
significant developments for solving problems of continuum mechanics. 
With increasing availability of digital computers; the method has become 











DEVELOPMENT OF THE SIMULATION MODEL 
 
3.1. Basic Design Data for Conditioned Space 
Before the transient heat response for building is evaluated, the 
following should be known. 
Table (3.1) describes basic design data for the conditioned space. 
Table 3.1 Basic design data for the conditioned space 
Location                                 University of Khartoum, Faculty of 
                                               Engineering (Latitude 15.7o N) 
System description                 Ceiling radiant cooling panel  
Room size                               4.22m x  2m x 3.05m  
Occupancy level                     2 persons 
Lighting                                  2 fluorescent tube Lamps, (1)1200mm,T12  
Other assumption                   All walls and ceiling are exposed to the sun, 
                                                No moisture generation source except 
                                                Occupants, ventilation and infiltration.  
                                              Ambient temperature under floor air is 29°C    
 
To calculate a space cooling load, detailed building design 
information and weather data at selected design conditions are required. 
Generally, the following steps should be followed [26]. 
3.1.1. Building Characteristics 
Building materials, component size, external surface colors, and 
shape are usually determined from building plans and specifications [26]. 
Table (3.2) indicates materials properties that are used in the office 
building. 
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Common brick 1920 835 0.72 
Cement mortar 1860 780 0.72 
Soft wood 510 1380 0.12 
Glass, plate 2700 840 0.76 
Concrete 2400 800 1.4 
Plywood 540 1210 0.12 
Tile 240 1340 0.05 
Air gap 1.127 1005 0.0271 
Polyethylene 
foam  
1300 1200 0.15 
* These values are taken from appendices 3.1 to 3.5 [27], [22], [28], [29] and [30].  
3.1.2. Configuration of building 
Determine building location, orientation, and external shading from 
building plans and specifications. Shading from adjacent buildings can be 
determined by a site plan or by visiting the proposed site but should be 
carefully evaluated as to its probable permanence before it is included in 
the calculation. The possibility of abnormally high ground-reflected solar 
radiation (i.e., from adjacent water, sand, or parking lots) or solar load 
from adjacent reflective buildings should not be overlooked [26]. Figure 























      Figure 3.2. Orientation of the office  
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3.1.3. Date and time 
Select the time of day and month to do the cooling load calculation. 
Frequently, several different times of day and several different months 
must be analyzed to determine the peak load time. The particular day and 
month are often dictated by peak solar conditions [26].  
3.1.4. Design conditions 
The cooling load calculations are usually based on inside and 
outdoor design conditions of temperature and humidity. The inside 
conditions are those that provide satisfactory comfort. The outdoor 
summer design conditions are based on reasonable maximum, using 
weather records [31]. Table (3.3) shows outside and inside design 
conditions of conditioned space. 








(kg/ kg dry air)
Outside* 45 26 22.39 0.0135 
Inside** 25 17.8 50 0.0099 
Difference 20   0.0036 
* Source: Ref [32]  
** Source: appendix 3.6 [33]. 
 
3.1.5. Operating schedule  
Obtain a proposed schedule of lighting, occupancy, internal 
equipment, appliances, and processes that contribute to the internal 
thermal load. Determine the probability that the cooling equipment will 
be operated continuously or shut off during unoccupied periods (e.g., 




3.2. Application of Explicit Method 
To apply an explicit method in practice, consider the nodal 
subvolume of figure 3.3 denotes to the rate of heat addition (external or 
internal) to the node. This element can be considered as an arbitrary 
subvolume of outer part of a building wall. Assume one dimensional flow 
and node i represents the subvolume having thermal capacity Ci, and 
connected by resistance Rij1 and Rij2 which stand for convective and 
conductive resistances respectively. 
 If the node i is exposed to the solar heat input qi and has a 
temperature Tt at time t, then for a time interval ∆t the quantity of heat Q 
entering the node i is expressed as [34]: 






























Figure 3.3. The rate of heat addition (external or internal) to the node 
[34] 
From first law of thermodynamics, this heat must give a rise in   
temperature of the node such as: 
                                       ( )titii TTCQ −= ∆+                                               (3.2) 






























11                               (3.3) 
If node i is connected to n number of nods, then equation 3.27 becomes: 
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⎛ −+∆= ∑∑ ==+ 111 1                                  (3.4) 
 Equation 3.4 is explicit in Tit+1 and is equivalent to the first forward 
differencing scheme for the time derivative [34]. Explicit methods are 
unstable; therefore, equation 2.25 is used for stability condition [22]. 
3.3. Errors in Finite Difference Solution   
 Errors introduced by approximations are termed truncation errors, 
and the degree to which the approximation solution approaches the exact 
solution is termed the convergence of the finite difference representation 
[22].  
3.4. Building Thermal Network 
 The space conditioned under the physical test is selected as small 
office which has dimensions of 4.22 m x 2 m with height of 3.056 m. All 
walls of the office consist of common brick (24 cm thick). The ceiling is 
made of 12 cm concrete, 2 cm air gap, 2 cm polyethylene insulation foam 
and 0.4 cm plywood. The floor is constructed of 39 cm concrete; 3 cm 
cement mortar and 3 cm tile. The 0.95 cm x 0.76 cm is made of a single 
clear glass with thickness of 3 mm where the door has dimensions of 1.95 
m x 0.82 m soft wood (4 cm thick). Figure (3.1) as mentioned above 
indicates a plan and elevation of the building layout while table 3.2 shows 
building materials properties. 
Usually there were three methods used to represent a single section 
using lumped circuit. Considering the element shown in figure 3.4a it can 
be represented by T, π or L lumping circuit. Figure 3.4b shows a T 
lumping where capacitance is in the center of the section.  Figure 3.4c 
shows a π lumping where capacitances are on either side of the section.  
Figure 3.4d shows two alternatives at which the capacitance is placed at 















  Figure 3.4b.                      Figure 3.4c                 Figure 3.4d 
Figure 3.4. Lumped circuit elements [34] 
 
The building under investigation should be represented based on 
one or more of the above method. Figure 3.5 illustrates thermal network 
of a single wall (T lumping method) for the office building. Thermal 
network for the ceiling, floor, door and window can be determined in the 
same pattern. A complete view of the whole office building is shown in 
figure 3.6 that composed of 8 parallel circuits, each of the will be ended 
at node (66) which represents the room air temperature node. 
To evaluate the transient heat response of the office thermal 
network which is explained in figure 3.6, the following assumptions are 
constructed: 
• One dimensional conduction heat transfer through the office 
structure. 
• Explicit method is used to solve transient heat conduction. 
• Thermal properties of all materials are constant. 
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• All inside surfaces radiate and reflect thermal radiation.  



















Figure 3.6. Thermal network of the office building 
 
 43
3.5. Solution of the Office Thermal Network 
The following parameters were used to solve the office thermal network 
figure (3.6): 
• Ambient air temperature 
• Solar air temperature 
• Thermal resistance of the network 
• Thermal capacitances 
All the above parameters are evaluated as follows: 
3.5.1. Ambient air temperature 
 Ambient air temperature is defined as the normal temperature of 
the air that surrounds devices and systems [35]. In the traditional and 
modern automatic weather stations it is measured inside shelters 
(Stevenson screen or ventilated radiation shields) place in the line with 
World Meteorological Organization (WMO) standards at 2m above the 
ground [36]. In this thesis the ambient air temperatures are taken from 
Sudan meteorological Department [32]. Table (3.4) describes the ambient 





































3.5.2. Sol- air temperature 
Sol-air temperature is the fictitious temperature of the outdoor air 
that, in the absence of radiative exchanges on the outer surface of the roof 
or wall, would give the same rate of heat transfer through the wall or roof 
as the actual combined heat transfer mechanism between the sun, the 
surface of the roof or wall, the outdoor air and the surroundings [37]. The 
sol-air temperature is defined in Equation 3.29 [38]. ASHRAE suggests 
the following typical values for horizontal surfaces: ho = 17 W/m2°C, 
εIR∆R/ho = 3.9°C and αsol/ho = 0.0264 m2°C/W (light colored surfaces) or 
αsol/ho = 0.0528m2·°C/W (dark colored surfaces). This corresponds to an 
αsol of 0.45 for the light surface (55% reflectivity) and 0.9 for the dark 
surface (10% reflectivity) [37]. 









T ∆−+∞ εα            (3.5)                           
This equation can be written as:  
                             Sol-air temperature = RARIART IRotsolo ∆−+∞ εα        (3.6)                           
For vertical walls it is assumed to estimate the different solar 
radiation gain from the ground balances of the long waves radiation loss 
to the sky, ∆R is thus zero [39]. Then equation 3.30 for vertical walls is 
written as below: 
                  Sol-air temperature = tsolo IART α+∞                                     (3.7)                      
3. 5.3. Thermal resistance of the network 
 The thermal resistances of office thermal network in figure 3.6 are 
subdivided into four groups: 
• Outside convective resistance such as R (1, 0).   
• Conductive resistance such as R (1, 2). 
• Inside convective resistance such as R (8, 58).  
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• Long wave radiation resistance connecting inside surface node 
such as R (8, 16).  
The thermal resistance for radiation is written similarly to that for 
convection [39]: 





1=                                                      (3.8) 
The radiation coefficient hr has no physical significance but is useful 
in computations. It is a function of the temperature, radiation properties, 
and geometrical arrangement of the enclosure and the body in question 
[39]. 
In practice radiation normally occurs between two systems say at 
temperature T1 and T2, Where T1 is greater than T2, the body at T2 will 
emit some radiation, but it will receive more radiation from T1 and hence 
will increase in temperature. The net heat received by body T2 can be 
expressed as below [40]: 
                            ( )424112 TTEAFqr −= σ                                              (3.9) 
 
 For small temperature difference (approximate solution), equation 



















4 TTTEAF σ                 (3.10) 
For most room wall surfaces [41], 
                          kCTT oo 29926
2
21 =≅+   
Then equation 3.10 becomes, 
                                    TEAFqr ∆×= σ1232994                                      (3.11) 
By using equation 3.11, the Long wave radiation resistance is 
calculated: 
                                  σEAFRr 1232994
1
×=                                            (3.12) 
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3.5.4. Thermal capacitances 
 The thermal capacity per degree change of temperature of any node 
is defined by the product of the mass of the subvolume it represents and 
the specific heat of the material from which the subvolume was made. 
Thermal capacitance of node representing air were assumed zero since 
they have small values and exert negligible influence on the solution [41].    
3.6. Computer Programming 
 The computer program was further extended in this research to 
include transient heat model which descried in section 3.2.   
When the phrase “computer solution” is used, it should be 
understood that a computer will only follow directions; the “solution” 
part of that phrase still resides with the person directing the machine. 
Developing an algorithm to solve a problem is the first step in a 
“computer solution”. The computer must then be given every procedural 
step, in the proper order, to accomplish the task that it is required [43]. 
Matlab is an acronym for Matrix Laboratory and it is a very large 
computer application which is divided to several special application fields 
referred to as toolboxes [44]. Matlab is a software package that is used for 
mathematics and computation, data analysis, algorithms development, 
simulation and modeling, and to produce graphical displays and graphical 
user interfaces [45]. The program has the following advantages [46]:  
•  Matlab is an interactive system for doing numerical 
computations. 
• A numerical analyst called Cleve Moler wrote the first version of 
Matlab in the 1970s. It has since evolved into a successful 
commercial software package. 
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• Matlab relieves a lot of the arduous tasks associated with solving 
problems numerically. This allows us to spend more time 
thinking, and encourages us to experiment. 
• Matlab makes use of highly respected algorithms and hence the 
results can be dependable.     
• Powerful operations can be performed using just one or two 
commands. 
• Own set of functions can build up for a particular application. 
Excellent graphics facilities are available, and the pictures can be 
inserted into latex and Word documents. 
3.6.1. Program objective  
The finite difference method of a nonlinear system of equations 
and Matlab programming language (simulation) were used to solve 
equation in chapter (equation 3.4), in order to calculate the transient heat 
flow through the office building and then, to evaluate cooling load of 
conditioned space.   
Initial temperature of all nodes are assumed using steady state heat 
transfer, the program is run for a period of  three days using the same data 
to minimize errors in finite difference solution.  
3.6.2. Symbols used in the program and their meanings 
 Table 3.5 explains brief description of the variables used 









Table 3.5 brief description of the variables used in the program 
Variable name Description 
t  Temperature (°C) 
ts Sol-air temperature (°C) 
C Thermal capacitance (J/°C) 
r Thermal resistance (°C/W) 
d Time interval (sec) 
Q Rate of transient heat flow (kW) 
  
 
3.6.3. Data entry 
 Data entries are supplied in the beginning of the program as data 
statements. These include initial nodes temperatures, sol-air temperatures, 
thermal capacitances and thermal resistances. The procedure used in the 
data entry stage is quite sufficient. All data components are entered to the 
system via what is called the Format long component. This component is 
very useful when working with matrices as well as vectors.    
3.6.4. Program flowchart 
The flowchart describing the program is shown in figure 3.7. This 









































  Tmi+1 = constant 




   




    If  
72≤i    
i = i+1
Calculate Tmi+1 at time ti+1 
  Tmi = Tmi+1 
Calculate individual loads 
Calculate total cooling load  
Print 
Yes
       Input data of initial temperatures, Sol-air Temperatures, 
thermal capacitances and thermal resistances 
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3.6.5. Results of program  
The simulation results of transient heat flow (variable loads) for 
different walls and ceiling (24 th of May 1993, Khartoum City) which 





















































































          
















   Figure 3.14. Rate of cumulative transient heat flow for the walls 
   and ceiling 
 
It is obvious from the above figures the result of the second and 
third day are similar which demonstrate the correct solution. 
Before the ceiling radiant cooling panel design, the cooling load 
estimation for conditioned space should be specified, that is to discuss 
how to determine the amount of cooling required to keep the 
conditioned space comfortable in summer season. Cooling load 











COOLING LOAD ESTIMATION 
 
4.1. Definition of Cooling Load  
The total heat required to be removed from the space in order to 
bring it to the desired temperature by the air conditioning and 
refrigeration equipment is known as cooling load [47]. 
4.2. Heat Flow Rates 
In air-conditioning design, four related heat flow rates, each of 
which varies with time, must be distinguished [37]: 
• Space heat gain 
• Space cooling load 
• Space heat extraction 
• Cooling coil load 
4.2.1. Space heat gain 
This instantaneous rate of heat gain is the rate at which heat enters 
into and/or is generated within a space at a given instant [37]. Heat gain is 
classified by external and internal heat gain [48]: 
4.2.1.1. External space heat gain 
These loads are formed because of heat gains in the conditioned 
space from external sources through the building envelope or building 
shell and the partition walls. Sources of external loads include the 
following cooling loads [48]: 
• Heat gain entering from the exterior walls and roofs 
• Solar heat gain transmitted through the fenestrations 
• Conductive heat gain coming through the fenestrations 
• Heat gain entering from the partition walls and interior doors 
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• Infiltration of outdoor air into the conditioned space 
4.2.1.2. Internal space heat gain 
These loads are formed by the release of sensible and latent heat from 
the heat sources inside the conditioned space. These sources contribute 
internal cooling loads [48]: 
• People 
• Electric lights 
• Equipment and appliances 
The total of external and internal heat gain which discussed above is 
known as room heat giants. Figure 4.1 describes cooling demand of a 










                    Figure 4.1. Room heat gain components [49] 
 
4.2.1.3. Components of space heat gain 
The two main components of space heat gain imposed on an air 
conditioning plant operating during hot weather as are follows [47]: 
Sensible heat gain: 
 When there is a direct addition of heat to the enclosed space, a gain 
in the sensible heat is said to occur. This sensible heat most be removed 
during the process of summer air conditioning. The sensible heat gain 
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may occur due to any one or all of the following sources of heat transfer 
[47]: 
• The heat flowing into the building by conduction through 
exterior walls, floors, ceiling, doors and windows due to the 
temperature difference on their two sides. 
• The heat received from the solar radiation. It consists of the heat 
transmitted directly through glass of windows, ventilators or 
doors, and the heat absorbed by walls and roofs exposed to solar 
radiation and later on transferred to the room by conduction. 
• The heat conducted through interior partition from rooms in the 
same building which are not conditioned. 
• The heat given of by lights, motors, machinery, cooking 
operations, industrial processes …etc. 
• The heat liberated by the occupants. 
• The heat carried by the outside air which leaks in (infiltration) 
through the cracks in doors, windows and through their frequent 
openings. 
• The heat gain through the walls of ducts carrying conditioned air 
through unconditioned space in the building. 
• The heat gain from the fan work. 
Latent heat gain: 
 When there is an addition of water vapor to the air of enclosed 
space, a gain in the latent is said to occur. This latent heat is to be 
removed during the process of summer air-conditioning. The latent heat 




• The heat gain due to moisture in the outside air entering by 
infiltration. 
• The heat gain due to condensation of moisture from any process 
such as cooking foods which takes place within the conditioned 
space. 
• The heat gain due to moisture passing directly into the 
conditioned space through the permeable walls or partitions from 
the outside or from adjoining regions where the water vapor 
pressure is higher. 
When the outside air is introduced for ventilation processes, there is 
a sensible heat gain as well as latent heat gain. The sensible heat gain due 
to temperature difference between the fresh air and the air in space 
whereas the latent heat gain is due to difference of humidity [47]. 
4.2.2. Space cooling load 
This is the rate at which heat must be removed from the space to 
maintain a constant space air temperature. The sum of all space 
instantaneous heat gains at any given time does not necessarily equal the 
cooling load for the space at that same time. However the space heat gain 
by radiation is not immediately converted into cooling load. Radiant 
energy must first be absorbed by the surfaces that enclose the space 
(walls, floor and ceiling) and the objects in the space (furniture, etc.) [37]. 
As soon as these surfaces and objects become warmer than the space air, 
some of their heat is transferred to the air in the space by convection. The 
composite heat storage capacity of these surfaces and objects determines 
the rate at which their respective surface temperatures increase for a given 
radiant input, and thus governs the relationship between the radiant 




4.2.3. Space heat extraction 
The rate at which heat is removed from the conditioned space 
equals the space cooling load only to the degree that room air temperature 
is held constant. In conjunction with intermittent operation of the cooling 
equipment, the control system characteristics usually permit a minor 
cyclic variation or swing in room temperature. Therefore, a proper 
simulation of the control system gives a more realistic value of energy 
removal over a fixed time period than using the values of the space 
cooling load [37]. 
4.2.4. Cooling coil load 
The rate at which energy is removed at the cooling coil that serves 
one or more conditioned spaces equals the sum of the instantaneous space 
cooling loads (or space heat extraction rate if it is assumed that the space 
temperature does not vary) for all the spaces served by the coil, plus any 
external loads. Such external loads include heat gain by the distribution 
system between the individual spaces and the cooling equipment, and 
outdoor air heat and moisture introduced into the distribution system 
through the cooling equipment [37]. 
4.3. Sensible Heat through Outside Walls and Ceiling  
From figure 3.20 (simulation result), the rate of cumulative 
transient heat flow for walls and ceiling is 2.15 KW. 
4.4. Heat Gain from the Floor and Door 
The heat that flows from interior unconditioned spaces to the 
conditioned space through partition, floors and ceiling can be found from 
equation 4.1 [50]. 
                            TDAUQ ××=                                                             (4.1) 
Overall heat transfer coefficient (U ) can be expressed by the following 
equation [47],  
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From appendix 3.7, 7.22=of , 13.6=if , from table 3.2, 05.0=Tk , 
72.0=CMk , 4.1=Ck  and equation 4.2 can be used, then 














Under ground temperature is assumed to be 29°C and by referring 
to equation 4.1, the heat gain due to floor area is calculated as below:                           








From appendix 3.7, 29.8=if , from table 3.2, 12.0=swK  and the 
equation 4.2 is used, then, 










 From equation 4.1, the heat gain from the door is found to be as: 
0.03m Tiles 





                                       ( ) WQ 6425456.12 =−××=  
4. 5. Solar and Conductive Heat Gain through Glass Window 
Although the inward heat flow from the solar radiation absorbed by 
the window glass and the heat flow due to the outdoor and indoor 
temperature difference are actually combined, it is simpler and acceptably 
accurate to separate this composite heat gain into solar heat gain and 
conductive heat gain; both are sensible heat gains [48]. 
 Radiant energy from the sun passes through transparent materials 
such as glass and becomes a heat gain to the room. Its value varies with 
time, orientation, shading and storage effect [50]. The part of solar 
radiation that reaches the earth’s surface without being scattered or 
absorbed is called direct radiation. Solar radiation that is scattered or 
reemitted by the constituents of the atmosphere is called diffuse radiation. 
Direct radiation comes directly from the sun following a straight path, 
whereas diffuse radiation comes from all directions in the sky. The entire 
radiation reaching the ground on an overcast day is diffuse radiation. The 
radiation reaching a surface, in general, consists of three components: 
direct radiation, diffuse radiation, and radiation reflected onto the surface 
from surrounding surfaces. Figure 4.2 shows direct, diffuse, and reflected 
components of solar radiation incident on a window [21].The solar 
cooling load can be found from the following equation [50]: 
                             CLFSCSHGFAQ glasssol ×××=,                             (4.3) 
Conductive heat gain due to the outdoor-indoor temperature 
difference is given as [48]: 
                                  ( )roglasscon TTUAQ −×=,                                        (4.4) 
 The sensible cooling load due to heat gains through glass (windows 
and doors) is found by using glass load factor (GLF). The GLF values 
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account for both solar radiation and conduction through glass. Values 
should be interpolated between listed outdoor temperatures [50]. 
 The glass load sensible cooling load is also determined from 
equation 4.5 [50]: 











Figure 4.2. Direct, diffuse, and reflected components of solar 
radiation incident on a window [21] 
From appendix 4.1with no inside shading, regular single glass, 
south direction and outside design temperature 43°C., GLF is 227 W/ m2 
and using equation 4.5,  
         WQglass 9.16322776.095.0 =××=  
4.6. Heat gain due to ventilation  
Ventilation air is air used to provide acceptable indoor air quality. 
Ventilation includes the intentional introduction of air from the outside 
into a building; it is further subdivided into natural ventilation and forced 
ventilation, (1) Natural ventilation, is the flow of air through open 
windows, doors, grilles, and other planned building envelope 
penetrations, and it is driven by natural and/or artificially produced 
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pressure differentials, (2) Forced ventilation, shown in Figure (4.3), is the 
intentional movement of air into and out of a building using fans and 
intake and exhaust vents; it is also called mechanical ventilation [20]. 
 The ventilation ( ⋅⋅ ei  supply of outside air) is provided to the 
conditioned space in order to minimize odour, concentration of smoke 
carbon dioxide and other undesirable gases so that freshness of air could 
be maintained. The quantity of out side air used for ventilation should 
provide at least one-half air change per hour in buildings with normal 
ceiling heights. Also, if the filtration quantity air is larger than the 
ventilation quantity, then the latter should be increased to at least equal to 
the infiltration air. The outside air adds sensible as will as latent heat [47].  
 Most summer air conditioning systems have mechanical ventilation 
using some outside air, which reduces or eliminates infiltration by 
creating a positive air pressure within the building [50]. 
 Ventilation air is not a load in the room, but is a load on central 
equipment (cooling coil load). Many modern buildings have fixed 
(sealed) windows and therefore have no infiltration loss, except for 
entrance [50]. The sensible and latent heat is usually greater than that of 
the room air, so it becomes part of the cooling load [50]. 
 The equations for determining the sensible and cooling loads from 
ventilation air are [50] 
                      ( ) =−= ropaovenvens TTcVq ρ., ( ) oropaven vTTcV /. −                      (4.6) 
















Figure 4.3. Two-space building with forced ventilation, infiltration, 
and exfiltration [26]  
 
The total ventilation air requirements are evaluated according to 
area based (volume flow rate per square meter of floor space) and 
occupancy based (volume flow rate per person) [42]. According to 
ASHRAE Standard 62 addendum n (ASHRAE 2003) [5], the minimum 
ventilation required is 5l/s of outside air per person and 0.6l/s of outside 
air per unit floor area [5]. Table 4.1, explains volume flow rate of 
ventilation air for the office. 
Table 4.1 Volume flow rate of ventilation air for the office 
People 0.010 
Floor  0.00506 
Total ( sec/3m ) 0.0151 
    
From appendix 4.2 at outside conditions, 921.0=ov ,  and using 
equations 4.6, the space sensible heat gain from ventilation is evaluated 
as: 
 ( ) ( ) WvTTcVq oropavenvens 88.329921.0/254510006.10151.0/ 3., =−××=−=
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From appendix 4.2, at outside and inside conditions, ,0135.0=oW  
0099.0=rW  respectively and from appendix 4.3 at 0°C, 81.2500=fgh . 
By using equation 4.7, heat gain from ventilation is estimated as 
follows: 
( ) ( ) WvhWWVq ofgrovenvenl 61.147921.0/1081.25000099.00135.00151.0/ 3., =××−=−=
 
4.7. Heat gain due to infiltration 
Infiltration is the flow of outdoor air into a building through cracks 
and other unintentional openings and through the normal use of exterior 
doors for entrance and egress. Infiltration is also known as air leakage 
into a building. Exfiltration, depicted in Figure (4.3), is the leakage of 
indoor air out of a building through similar types of openings. Like 
natural ventilation, infiltration and exfiltration are driven by natural 
and/or artificial pressure differences. [26]. 
Infiltration is the uncontrolled inward flow of outdoor air through 
cracks and openings in the building envelope due to the pressure 
difference across the envelope. The pressure difference may be caused by 
any of the following [48]: 
• Wind pressure 
• Stack effect due to the outdoor and indoor temperature difference 
• Mechanical ventilation 
In summer, for low-rise commercial buildings that have their 
exterior windows well sealed, and if a positive pressure is maintained in 
the conditioned space when the air system is operating, normally the 
infiltration can be considered zero [48]. 
For high-rise buildings, infiltration should be considered and 
calculated in both summer and winter [48]. 
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Infiltration of air through cracks around window and doors results 
in both a sensible and latent heat gain to the rooms [49]. The space 
sensible heat gain from infiltration qs,inf, (W), can be calculated as [48]: 
                                     ( )ropaos TTcVq −= ρinf.inf,                                      (4.8) 
 The equation 4.8 can be written as: 
                                    ( ) oropas vTTcVq /inf.inf, −=                                      (4.9) 
 There are two methods used to estimate volume flow rate of 
infiltration air: (1) crack method, the crack method assumes that a 
reasonably accurate estimate of the rate of air infiltration per square meter 
of crack opening can be measured or established. Energy codes list 
maximum permissible infiltration rates for new construction or 
renovation upgrading, and (2) air change method, this procedure for 
finding the infiltration rate is based on the number of air changes per hour 
(ACH) in a room caused by infiltration [49]. Equation 4.3 [50], can be 
used to find the air infiltration rate. 
                                               ACHVV ×=.inf                                       (4.10) 
 Determination of the expected number of air changes is base on 
experience and testing. Suggested values range from 0.5 ACH to 1.5 
ACH for buildings ranging from "tight" to "loose" construction [50]. To 
evaluate the volume flow rate of infiltration air, the number of air changes 
per hour is selected 1 hour and equation 4.10 will be used.  
                                      sec/007.03600/1056.3222.4 3inf
.
mV =×××=   
From equation 4.9, the space sensible heat gain from infiltration is 
calculated as: 
                                    ( ) Wqs 92.152921.0/254510006.1007.0 3inf, =−×××=  
The space latent heat gain from infiltration ql,inf, (W), can be given 
as [48]: 
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                                    ( ) fgrool hWWVq −= ρinf.inf,                                    (4.11) 
The equation 4.11 can be formulated as: 
                                    ( ) ofgrol vhWWVq /inf.inf, −=                                   (4.12)  
 By using equation 4.12, the space latent heat gain from infiltration 
is estimated as: 
              ( ) Wql 43.68921.0/1081.25000099.00135.0007.0 3inf, =××−×=  
 The total heat gain due to infiltration is expressed by equation 4.13  
                                      inf,inf,inf ls qqQ +=                                              (4.13) 
Therefore, 
                                    WqqQ ls 35.22143.6892.152inf,inf,inf =+=+=  
4.8. Heat gain from occupants 
 The human body in a cooled space constitutes cooling load of 
sensible heat and latent heat. The heat gain from occupants is based on 
the average number of people that are expected to be present in the 
conditioned space [47]. The heating load at any given hour due to the 
occupants is given as [51]: 
                                       ( )lsdp qCLFqFNQ +×××=                            (4.14)                          
From appendix 4.4 for office building, 8.0=dF , the sensible and 
latent heat values of people for moderately active office work are read 
from appendix 4.5, 75=sq and 55=lq . Assuming that the occupants enter 
the space at 8am o'clock and total hours that space is occupied is 8 hours, 
from appendix 4.6, 98.0=CLF , then the equation 4.14 is used. 
                                      ( ) WQp 6.2055598.0758.02 =+×××=   
4.9. Heat gain from lighting 
 The sensible heat gains from the electric lights depend on the types 
of installation, as follows: (1) inside conditioned space, for electric lights 
installed inside the conditioned space, such as light fixtures hung below 
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the ceiling, the sensible heat gain released from the electric lights, the 
emitting element, and light fixtures is equal to the sensible heat released 
to the conditioned space; both depend mainly on the criteria of 
illumination and the type and efficiency of electric lights, and (2) recess-
mounted fixtures using return plenum, for situations in which electric 
lights are recess-mounted on the ceiling and the ceiling plenum is used as 
a return plenum, the fraction of the sensible heat gain of electric lights 
that enters the conditioned space, is closely related to the type of lighting 
fixture, the ceiling plenum, and the return system [51]. Also the heat gain 
from electric lights depends upon the rating of lights in watts, use factor 
(diversity factor) and allowance factor. The use factor is the ratio of the 
actual wattage in use to the installed wattage. Its value depends upon the 
type of use to which the room is put. In case of residence, commercial 
stores and shops, its value is usually taken as unity, whereas for industrial 
workshops it is taken below 0.5 [47]. 
The allowance factor is generally use incase of fluorescent tubes 
allow for the power used by the ballast. Its value is usually taken as 1.25 
[47], and also electric lights depend on the lighting CLF values come 
from tables and are found in a fashion similar to that for the occupants. 
The lighting CLF will be 1.0 for building in which the lights are on 24 
hours per day or where the cooling system is shut off at night or on the 
weekends [47].    
 At any given hour the load due to the lighting is approximated as 
[51]: 
                                        CLFFFWattsQ sadl ×××=                              (4.15) 
From appendix 4.7, for fluorescent lamps type (1) 12000 mm, T12  
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the wattage per lamp is 40W and 38.1=saF , from appendix 4.8 for office 
building, 85.0=dF  as will as from appendix 4.6, 98.0=CLF . 
Mathematically, the heat gained from electric lights is specified by  
equation 4.15, 
                                        WQl 96.9198.038.185.0402 =××××=  
 Table 4.2 illustrates total sensible heat gain through walls, ceiling, 
floor, door and window where the table 4.3 shows total heat gain from the 
conditioned space. 
Table 4.2 Total sensible heat gain through walls, ceiling, floor, door 
and window (building sensible load) 










2150 30.05 64 163.9 2408 
* The value is selected from figure 3.20 (rate of cumulative transient heat flow for the walls and 
ceiling) 
Table 4.3 Total heat gain from the conditioned space 
 Building 
sensible load*  
























2408 152.92 68.43 117.60 88.00 91.96 2927 
*The value is taken from table 4.2. 
 
After the sensible and latent heat of the conditioned space is 
specified in table 4.3, the room sensible heat factor must be known. It is 
defined as the ratio of the room sensible heat to the room total heat. 
Mathematically, room sensible heat factor [47], 
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RSHRSHF +==                           (4.16) 
From table 4.3, 48.2770=RSH , 43.156=RLH  and  2927=RTH  then, 





4.10. Effective room total heat (ERTH) 
 Effective room total heat mathematically is defined as follows [47], 
                                       ERLHERSHERTH +=                                   (4.17) 
Where 
                                     BPFOASHRSHERSH ×+=  
                                    BPFOALHRLHERLH ×+=  
From equation 4.6, WqOASH vens 88.329, == , from equation 4.7,                 
                            WqOALH venl 61.147, ==  
By pass factor for standard value is equal 0.12 [52], 
                           WERSH 1.281012.088.32948.2770 =×+=  
                          WERLH 14.17412.061.14743.156 =×+=  
Equation 4.17 will be used, then, the effective room total heat can 
be found as below: 
                                  kWkWWERTH 3984.224.298414.1741.2810 ≈==+= . 
 After the cooling load calculation for conditioned space is 













5.1. Design Procedure 
 Before a radiant cooling panel is designed the following 
assumptions are indicated: 
a) Ventilation and thermodynamic state points remain constant at 
the design conditions. 
b) Infiltration is considered. 
c) Enclosure and contents are completely not hygroscopic, i.e., 
they don't participate in the moisture. 
d) Chilled ceiling radiant panel temperature is uniform all over 
(not completely true since as much as 2.5°C differential can 
exist from one point to anther).        
To design a radiant cooling panel system, the following basic 
parameters should be determined [9]:  
• Determine room design dry-bulb temperature, relative humidity 
and dew point 
• Calculate room sensible and latent heat gains 
• Select mean water temperature for cooling 
• Establish minimum supply air quantity 
• Calculate latent cooling available from air   
• Calculate sensible cooling available from air   
• Determine cooling panel load 
• Determine panel area for cooling 
In addition, some other parameters should be included [53] as 
follows: 
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• Outdoor air conditions 
• Supply air conditions. 
• Cooling coil load in case of CRCP is used with dedicated outdoor 
air.  
The above data is discussed as follows: 
5.1.1. Outdoor air conditions 
As for cooling and/or dehumidification designs, ASHRAE provides 
three design outdoor air (OA) data sets: (1) peak dry bulb with mean 
coincident wet-bulb temperature (WBT); (2) peak dew point with mean 
coincident dry-bulb temperature; and (3) peak wet bulb with mean 
coincident dry-bulb temperature. This data allow the designer to consider 
various operational peak conditions. The first data set is used to 
determine peak sensible loads, the second data set is selected for 
calculating the peak latent loads, and the third data set is used for 
estimating peak total cooling loads [53]. 
From table 3.3, 
DBT = 45°C and WBT = 26°C. 
From appendix 4.2, at DBT = 45°C and WBT = 26°C, then 
Dew-point temperature (DPT) = 18.5°C. 
5.1.2. Target space conditions determination  
Before determining a target space condition (i.e., room dry-bulb 
temperature and relative humidity) maintained by the DOAS/CRCP 
system, a design mean panel surface temperature should be chosen first. 
The design panel surface temperature should be higher than the room 
dew-point temperature (DPT) to avoid condensation on the cooling panel 
surfaces. Sixteen degree celecius (16°C) is commonly used as a design 
panel surface temperature. Therefore, the room DPT under the target 
space condition should be less than or equal to 16°C mean panel surface 
temperature [53].  
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From appendix 3.6, for summer season: 
DBT = 25°C 
RH = 50% 
 From appendix 4.2, at DBT = 25 and RH = 50%, 
DPT = 13.7°C 
5.1.3. Calculation of room sensible and latent heat gains  
Room loads should be calculated in a normal manner using the 
procedures set forth in the ASHRAE Guide [54]. 
  From chapter 4 (page 70), 
Room sensible heat gain (ERSH) = 2.81kW. 
Room latent heat gain (ERLH) = 0.174kW. 
5.1.4. Establishment of minimum supply air quantity  
Required ventilation for space is estimated using the minimum 
ventilation rates recommended by ASHRAE Standard 62 addendum 
(ASHRAE 2003) [5]. 
 From chapter 4 (table 4.1), the minimum ventilation rate for supply 
air is 15.1l/s (0.0151m3/s). 
5.1.5. Supply air conditions 
Decoupling the space sensible and latent loads requires that the 
ventilation air be supplied with a sufficiently low humidity ratio to 
remove the moisture generated within the space, as well as that carried in 
by infiltration [55]. Due to the fact that, high supply air temperatures 
mean that the potential for serious high humidity problems exists 
including condensation and associated biological incubation. Or 
otherwise the air must first be deep cooled for dehumidification, and then 
reheated, an energy use and demand penalty [56]. 
The DOAS should meet the latent load in each space as well as the 
OA latent load. Therefore, the supply air must be dehumidified enough to 
maintain the target space humidity condition for each conditioned space. 
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According to the researcher Mumma [5], the SA temperature for 
the DOAS/CRCP system can be lowered to 7.2°C without any penalty in 
thermal comfort as long as the air is supplied through the high induction 
diffusers. 
On the other hand, if an engineer wants to use higher design SA 
temperature (e.g. 12.8°C which is commonly used in practice) and 
conventional ceiling diffusers in the DOAS, the low temperature air 
leaving the cooling coil should be reheated by the sensible wheel. 
However, the required CRCP area is inevitably increased because of the 
reduced sensible cooling capacity of the supply air [5]. From one of six 
steps are recommended to either minimize the sensible load they bear, or 
to enhance their thermal performance, is using supply air temperature 
equal to the required supply air DPT, i.e., approximately 7°C [57]. 
In general, the supply air conditions from the DOAS (Mumma and 
Shank) [56] required to decouple the space sensible and latent loads and 
minimize the sensible load on the parallel radiant cooling system are 
about 7.2°C and saturated. 
In the hottest and arid environment regions (i.e. Sudan) where 
temperatures are high through the year (35°C to 45°C) in summer season, 
it is difficult in practice to reduce outside air temperature by FCU (100% 
fresh air is used) to supply air dew point temperature (7.2°C), therefore 
the supply air conditions is selected as 12 dry bulb temperature and 
saturated due to the fact that, if the OA is supplied with a dry bulb 
temperature equal to the required supply air DPT, it can remove 16–19 
W/m2 of the space sensible load [57].  
5.1.6. Selection of mean water temperature for supply cooling 
International Ltd recommends a normal inlet chilled water flow 
temperature to the panel of between 14 and 17°C and a return temperature 
2 to 3°C higher. The panel surface temperature is typically 4 to 5°C 
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higher than the inlet flow temperature [58]. The chilled water supply to 
the panel is maintained at 0.5 to 2°C above the dew point temperature. 
The mean water temperature is determined by adding a minimum 0.5°C 
above the room dew point temperature and averaging the inlet and outlet 
temperature assuming a temperature rise of 2.6°C [59]. Mean water 
temperature is calculated as follows [59]: 








+=                                               (5.1) 
Where, 
Tw, inlet = room dew point temperature + 0.5°C = 13.7 +0.5 = 14.2°C 
 By assuming return chilled water flow rate raised to 2.6°C, then,                                
                                      Tw, outlet = Tw, inlet + 2.6°C = 14.2 + 2.6 = 16.8°C 










5.1.7. Calculation of latent cooling available from air  
The conditioned ventilation air shall be responsible for removing 
the space latent heat gain in cooling mode. Consequently, the supply air 
temperature of the ventilation air will have to adjust in relation to the 
chilled water temperature entering the panels to avoid condensation on 
the panel surfaces.  In addition, appropriate overriding control features 
should also be incorporated in the system design, to avoid the possibility 
of condensation [60]. 
 From the minimum air supply found in chapter 4 (5.1.4), the 
following equation is used to calculate the latent load capacity of the 
supply air [59]: 
                                              ( ) fgprvenpl hWWqq supsup, −= ρ                          (5.2)                          
From appendix 4.2, at supply air conditions (DBT = 12°C and 
saturated air), Wsupp =  0.0087kg/kg dry air. 
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By using equation 5.2, the latent load of supply is estimated as 
follows: 
                             ( ) kWq pl 054.081.25000087.00099.2.10151.0sup, =×−×=  
The resulting value is compared with room latent heat gain 
(0.174W), if it is found that moisture pick up of the supply air is less than 
the required, supply air quantity or the moisture content will have to be 
adjusted (through design temperature) [59]. Table 5.1 illustrates resultant 
value of latent heat load of the conditioned space and supply air. 
Table 5.1 Latent heat load of the conditioned space Vs supply air 
latent load with minimum supply air 
Flow rate of 
ventilation air (l/s) 
Latent heat of 
conditioned space (kW) 
Latent heat of supply 
air (kW) 
15.1 0.174 0.054 
 
5.1.8. Calculation of sensible cooling available from supply air 
 From the minimum air supply found in chapter 4, the following 
equation is used to calculate the sensible heat load of supply air [59]; 
                                ( )prpvenps TTCqq supsup, −= ρ                                         (5.3) 
Equation 5.3 is used to estimate the sensible load of supply air as 
below, 
                      ( ) KWq ps 237.01225006.12.10151.0sup, =−××=  
5.1.9. Determination of cooling panel load 
The difference between the space sensible load and the SA cooling 
capacity (supply air sensible heat load) is the panel sensible cooling load 
[53], and it is found using the following equation: 
                                                  pspanels qERSHq sup,, −=                                          (5.4) 
Then, 
                                           kWqERSHq pspanels 573.2237.081.2sup,, =−=−=   
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5.1.10. Determination of panel area for cooling 
Before the panel area for cooling is specified, the radiant panel 
cooling capacity is necessary to be recognized. 
The capacity of a cooling ceiling is influenced by many different 
factors. Some of the most important factors include room height, the 
difference between room temperature and average chilled water 
temperature, the placing of the heat sources in the room, air inlet 
distribution, the percentage of active area, the temperature of the 
surrounding surfaces in the room (hot facade, etc.), and the construction 
of the cooling ceiling [13]. 
In practice, the design cooling capacity (W/m2) of the radiant panel 
is commonly chosen from the manufacturers’ catalog data rated for the 
test standard, such as DIN 4715 (DIN 1997), and ANSI/ASHRAE SPC 
138P (ASHRAE 2003). For instance, if the difference between the space 
temperature and mean panel surface temperature (or mean fluid 
temperature) is determined, the cooling capacity per unit panel area can 
be chosen from the design capacity tables provided by the panel 
manufactures [5]. 
                                     CTT omeanwr 5.95.1525, =−=−  
The cooling values in the performance appendix [5.1] are for 
normal perimeter rooms with heat gains from solar, people, electrical 
loads and transmission. The data in this manual may be used for rooms 
with ceiling heights from 2.438 to 3.658m although any ceiling height 
can be handled using radiant panels [61].  
Since clear glass exterior wall exposed to the sun is 5% (ratio of 
window area to the exterior south wall area), the room designation type in 
an appendix (5.1) is laid between B and C. Therefore, from cooling 
performance table (appendix 5.1) at temperature difference between room 
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air temperature and mean water air temperature (9.5°C) and also 
interpolated cooling performance between room type B and C, panel 
cooling capacity (qp) is 111.72W/m2. 
The required CRCP area (Ap) calculated by dividing the panel 
sensible cooling load (qs, panel) by the unit design panel capacity (qp) that 
can be expressed as follows [53]: 





A ,=                                            (5.5) 
Therefore, 




10573.2 mAp =×=  
 If the panel required for cooling is grater than area available 
(ceiling area), the supply air should be increased to provide additional 
cooling [59]. Since the value (23m2) is grater than the available ceiling 
area (8.44 m2), design changes are required. The over design problem 
(required panel area) due to the fact that, the manufacturers’ data rated 
(radiant panel cooling capacity) in the standard test chamber are usually 
less than the actual capacities measured in the real space condition 
because the rating standard is based on no mechanical ventilation and 
adiabatic walls. Consequently, the required panel area is overestimated, 
and the initial and operating costs for the CRCP system are also increased 








Table 5.2 Ceiling area Vs required panel with minimum supply air 
Flow rate of 
ventilation air (l/s) 
Ceiling area (m2) Required panel area (m2) 
15.1 8.44 23 
 
From table (5.1) and table (5.2) it is clear that the latent heat load 
of conditioned space and panel area required for cooling are significant 
factors to establish supply air flow rate in a system. Consequently, the 
supply air quantity should be increased from 15.1l/s to 140l/s in order to 
adjust ceiling panel area required and also the latent heat load of 
conditioned space to avoid condensation on the panel surfaces ( a CRCP 
removes only the sensible heat load in the space). Mechanical ventilation 
in a radiant cooling panel is known as ceiling radiant cooling panel with 
dedicated outdoor air system (CRCP/DOAS). 
After the required supply air is determined, the panel area can be 
easily calculated as follows: 
( ) ( ) kWhWWqq fgprvenpl 5.081.25000087.00099.02.114.0supsup, =×−×=−= ρ                           
                 ( ) ( ) kWTTCqq prpvenps 197.21225006.12.1140.0supsup, =−×××=−= ρ  
                                             kWqERSHq pspanels 613.0197.281.2sup,, =−=−=  










p =×==  
 Since the latent heat load of supply air (0.5kW) is greater than 
latent heat load of conditioned space (0.174kW) and the panel area 
(5.5m2) is less than available ceiling area (8.44 m2), no design changes 
are required. 
 It is important to determine the ceiling coverage ratio (CCR), so as 
to specify which type of panel can be used, top insulated metal CRCP or 
free hanging metal CRCP.The ceiling coverage ratio (CCR) is a ratio of 
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total panel area to ceiling area, is usually less than 50% in most spaces 
where the free hanging panels are used [5]. On the other hand, If the 
modular panels occupy at least 50% of ceiling area, complete ceiling 
construction shall be composed of matching metal ceiling panels. 
 [60]. Then, the (CCR) is calculated as: 
                                             
areaCeiling
areapanelTotalCCR =                               (5.6) 
Therefore, 





 Since, most of the ceiling space (65%) is covered with cooling 
panels; a total ceiling system (top insulated type metal CRCP) will be 
installed. 
 In order to specify the area per panel, there are standard dimensions 
which should be generally used. By referring to a radiant panel 
engineering manual [61], the standard dimensions of panels are provided 
in 0.6m x 1.2m (23 11/16'' x 47 11/16'') or 0.6m x 0.6m (23 11/16'' x 23 
11/16'') with copper tubing space 87.3mm (3 7/16'') which can be shown 
in appendix 5.2. 
Consequently to a radiant panel engineering manual, area per panel 
can be selected as (0.6m x 1.2m). Thus, the numbers of active panels are 
estimated as follows [59]: 
                               
panelperArea
areapanelTotalpanelsactiveofNumber =                (5.7) 
Therefore, 
                              panelspanelsactiveofNumber 864.7
2.16.0
5.5 ≈=×=  
A big influence factor is the size of the panels. With smaller panels, 
more hoses will be needed to connect the panels. Also, more meanders 
will be needed, more heat-conducting rails will need to be cut, and more 
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panels will need to be pressed. Larger panels are more cost-effective to 
make. However, panels that are too big are less easy to handle and install 
on site. Economical panel sizes generally run between (0.6m x 1.2m) and 
(0.6m x 0.6m) [13]. Also, from one of six steps are recommended to 
either minimize the sensible load they bear, or to enhance their thermal 
performance are the following [57]: 
• Use long panels, greater than 0.6 m, (it’s better to use 2.43–3.04 m 
long or more to minimize installation handling and the number of 
connections); 
• Long panels require parallel header rather than serpentine piping, 
resulting in more uniform panel temperature and lower pumping 
costs; 
Not only sizes of the panels but also same types of the panels are 
important. The more different types of panels needed on one job, the 
more set up costs need to be paid to the panel manufacturer and the panel 
activation center. Many panel types also can slow down installation. 
When all the panels are the same, a smaller number of reserve panels can 
be made and, if one is damaged, it is simply exchanged. With many 
different panel types, it may be too costly to have reserve panels on hand. 
In a ceiling with several panel types, a linear grid with panels of all the 
same size at least enables you to exchange any damaged panels later. The 
use of fewer panel types not only reduces costs, it adds flexibility [13]. 
For reasons explained above, area per panel is considered (1.3m x 
1.05m). Hence, the numbers of active panels are recalculated as: 
                                         panelspanelsactiveofNumber 4
05.13.1
5.5 =×=  
As the numbers of active panels are evaluated, it is necessary to 
determine the rows and tubes spacing for each panel. 
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The radiant cooling panels are extruded radiant panels, consisting 
of an aluminum face plate, copper tubes, and insulating blanket. The face 
plate more consists of extruded aluminum sections not less than 3mm 
thick, with interlocking edges and cross brace sections permanently 
locked together, to form one unitized panel. Copper tubes shall be 
minimum 10mm diameter [63]. Coils are usually the sinuous type, 
although some header or grid type coils have been used in ceilings. Coils 
may be plastic, ferrous, or nonferrous pipe or tube, with coil pipes spaced 
from 110 to 230 mm on centers, depending on the required output, pipe 
or tube size, and other factors [9]. 
Each panel shall have minimum six rows of minimum 10mm 
diameter. Serpentine copper tubing space approximately 90mm to 
100mm on center continuously soldered along the straight length to the 
back of the aluminum panel as shown in appendix 5.2. Total solder length 
shall be a minimum of 5.75m for (1.2m x 0.6m) panel. The solder joints 
shall develop a bond with sufficient strength such that the tube can not be 
pleaded away from the aluminum sheet without distorting or tearing of 
the aluminum sheet [63]. Also clips joints are used with ceiling panels but 
the manufacturer is cautioned that the use of adhesive and/or clips to 
attach the copper to the extrusion may pull apart thus causing the 
manufacturer to replace and install the panels at no additional cost, since 
the ratings/capacities will decrease under these conditions [63]. In this 
study 10mm copper tubing space with thirteenth rows is used.   
5.1.11. Calculation of cooling coil load  
Once the thermodynamic properties of the air before and after the 
cooling coil (States O and S Figure 5.1) are available in the design case, 
the design cooling coil load QFCU (fresh air FCU capacity) can be 







Figure 5.1 thermodynamic properties of the air before and after the 
cooling coil of FCU 
 






−=−= ρ                                                 (5.8) 
From appendix 4.2, at DBT = 45°C and WBT = 26°C,  
ho = 80.7°C. 
From appendix 4.2, at supply air conditions (DBT = 12°C and 
saturated air), hs =  34.1kJ/kg dry air. 







1.347.8014.0 ==−=−=  
 The different load's calculations to design a CRCP system can be 

















Table 5.3 Summary of different loads calculation for a radiant panel 
cooling design: 
Item Case 1 Case 2 Case 3 




50 fresh air and 
(90 return air) * 
Office sensible heat load (kW) 2.81 3.137a 2.91a 
Office latent heat load (kW) 0.174 0.321b 0.22b 
Office cooling load (kW)              3.000 3.5c 3.12c 
Supply air latent heat load  (kW) 0.054 0.50 0.18 
Supply air sensible heat load (kW) 0.237 2.197 2.197 
Panel area (W/m2) 23.00 5.5 5.5 
Ceiling area available (m2) 8.44 8.44 8.44 
Panel sensible cooling load (kW) 2.753 0.613 0.613 
Radiant panel cooling capacity (W/m2) 111.720 111.72 111.72 
Cooling coil capacity of FCU (kW) 0.764 7 3.6 
* 36.8l/s is cooled by FCU and 53.2l/s is cooled by CRCP   
a  Calculated from equation 4.6 & 4.17 
b
 Determined from equation 4.7 & 4.17  
c  Found from equation 4.17 
 
From table 5.3, it is clear that the CRCP when used with 
recirculation air (50 l/s fresh air and 90 l/s recirculated air) the fan coil 
unit capacity reduces from 7 kW to 3.6kW (section 5.15.1). In this case 
the supply air flow rate is still constant (140l/s) on the other hand, the 
supply air latent heat load of ventilation air (0.180 kW) removes all the 
latent heat load of the conditioned space (0.174 kW).Also from table 5.3, 
the heat load which is considered as office cooling load design is 3.5kW 





5.2. Ceiling Radiant Cooling Panel Performance 
The panel performance is a function of the following variables 
[16]: 
• Tube diameter, D 
• Flow rate per panel, m 
• panel/tube length, L 
• Tube center-to-center spacing, w 
• Panel area, A 
• fin thickness, δ 
• fin material, i.e., thermal conductivity, k 
• Inlet cool fluid temperature, tfi 
• room temperature, ta 
• Overall heat transfer coefficient, Uo 
• piping arrangement, i.e., parallel tube or serpentine 
All these parameters are associated with geometry as shown in 
figure 5.2. If the factors above have been estimated early, the mean water 
panel temperature and panel cooling capacity are possibly calculated [64]. 
Based on Equations (5.9) and (5.10), the panel average temperature 
can be obtained as [64]: 







TT −−+= &                               (5.9) 
Once the outlet temperature is known, the heat recovery factor of 
the panel can be calculated by the following relation [64]: 
                                               






−= &                           (5.10)    
Panel cooling capacity can be calculated from equation 5.11 [65]. 

















= π                   (5.11)          
 
 86
5.3. Specification of Ceiling Radiant Cooling Panel   
 Four (1.3m x 1.05m) ceiling radiant cooling panels (aluminum 
sheet) are installed on the ceiling of the conditioned space (4.22m x 2m x 
3.05m). Each panel consists with thirteenth serpentine copper tubes fixed 
down side (figure 5.2), and insulated with fiberglass at the top of the 
other side to prevent heat gains from the plenum space (between the roof 
and panel) as shown in figure 5.3. Other descriptions of the panels are 










Figure 5.2. Aluminum sheet embedded     Figure 5.3. CRCP top  
with copper tube (CRCP)                           insulated                            
 
Table 5.4 Description of radiant ceiling panel's details 
Length (m) 1.3 
Width (m) 1.05 
Thickness (m) 0.004 
Outer tube diameter (m) 0.0127 
Inner tube diameter (m) 0.0117 
Tube spacing (m) 0.100 





          Figure 5.4. Cross section of the ceiling radiant cooling panel 
 
5.4. Water Flow through the Panels 
 The required flow rate through the panel is based on the required 
panel output, the temperature drop across the system (∆t), and specific 
heat capacity of water. It can be calculated using the following formula 
[66]. 
                                         ( )capacityheatT
outputPanelq panelw ×∆=,&                          (5.12) 
 Equation 5.12 can be written as: 
 ( ) ( )capacityheatTT outputPanelcapacityheatT outputPanelq inletwoutletwwpanelw ×−=×∆= )( ,,, ρ&            (5.13)  
 By referring to equation 5.13, the water flow through the panels 
can be calculated as follows:         







5.5. Minimum / Maximum Water Velocity 
At the design stage, attention should be given to proper water 
velocity. The ceiling’s water velocities should not fall below the 
minimum of 0.25 m/s for the 12 mm copper tube. Water velocity that’s 
too low causes laminar flow, which reduces internal heat exchange. The 
maximum water velocity per loop depends on the choice of pumps. Most 
loops are designed according to energy criteria with a pressure drop 
between 10 and 25 kPa. Flow noise can occur at high velocities. 
Velocities should not exceed 0.7 m/s with 12mm copper tubing [13]. 













Since the panel water velocity is greater than 0.25 m/s and less than 
0.7 m/s, there is no design problem for laminar flow and flow noise.    
5.6. Water Chiller Unit 
Water chillers are used in a variety of air conditioning and process 
cooling applications. They cool water that is subsequently transported by 
pumps and pipes. The water passes through the tubes of coils to cool air 
in an air conditioning system, or it can provide cooling for a 
manufacturing or industrial process. Systems that employ water chillers 
are commonly called chilled water systems [67]. 
The cooling effect of a central refrigerating system can be 
distributed by a heat-transferring liquid or secondary refrigerant. Where 
the working temperatures are always above 0°C, such as in air-
conditioning, water is commonly used. At temperatures below this, non-
freezing liquids are used [68]. 
The greatest demand for chilled water is in air-conditioning 
systems. For this duty, water is required at a temperature usually not 
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lower than 5°C and, for this purpose; the evaporator will be of the shell-
and-tube type, operating with refrigerant temperatures close to freezing 
point. A very wide range of factory built package chillers is available and 
models are mainly one-piece units with integral water-cooled condensers. 
Other types may have air-cooled or evaporative condensers, and so 
require refrigerant pipe connections on site to these condensers. Sizes 
range from 14 kW to 35000 kW, most installations being within the range 
100 kW to 1500 kW.  
The refrigeration cycle is a key differentiating characteristic 
between chiller types. The vapor-compression and absorption 
refrigeration cycles are the two most common cycles used in commercial 
air conditioning [67]. Water chillers units broadly can be classified into 
two groups: 
• Vapor-compression water chillers.  
• Absorption water chillers. 
5.6.1. Vapor-compression water chillers  
Vapor-compression water chillers use a compressor to move 
refrigerant around the system. Water chillers which are used with vapor-
compression refrigeration cycle vary by the type of compressor used. 
Reciprocating, scroll, helical-rotary, and centrifugal compressors are 
common types of compressors used in vapor-compression water chillers.  
The most common energy source to drive the compressor is an electric 
motor [67]. 
5.6.2. Absorption water chillers 
Absorption water chillers use heat to drive the refrigeration cycle. 
They do not have a mechanical compressor involved in the refrigeration 
cycle. Steam, hot water, or the burning of oil or natural gas is the most 
common energy sources for these types of chillers [67]. 
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5.6.3. Water chiller capacity  
The design chiller load consists of the following three load 
components [57]: 
• The total outside air (OA) load. 
• The space sensible load (illumination, equipment, building envelope, 
and the sensible portion of the occupant loads). 
• The space latent load (primarily the occupants, infiltration, and perhaps 
coffeepots and live plants).  
The only portion of the design chiller load contributed by the 
ceiling panel cooling system is the space sensible load (all or a portion of 
it). The balance of the design chiller load comes from the DOAS, used in 
parallel with the panel cooling, which must be designed to remove the 
total OA load and the entire space latent load. If the OA is supplied with a 
dry bulb temperature equal to the required supply air DPT, it can remove 
16–19 W/m2 of the space sensible load. From this perspective, it should 
be clear that there is no capacity problem with panel cooling when 
properly applied with a parallel DOAS [57]. Water chiller capacity is 
determined based on equation 5.14 [67]. 
                                      TrateflowQ chillerw ∆××= 184.4,                          (5.14) 
∆T = Water temperature difference through the chiller. 
 The water chiller capacity must be sufficient to remove heat load 
from conditioned space (3.5kW), this load should be taken off by CRCP 
(sensible cooling load) & FCU. Therefore, water chiller capacity also is 
given: 
                capacityFCUloadcoolingsensiblePanelQ chillerw +=,                 (5.15)  
Based on table 3.5, panel sensible cooling load is 0.613kW and fan 
coil unit capacity is 7kW. 
Then, 
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                                                          kWQ chillerw 613.77613.0, =+=  
For safety, value 7.613kW is multiplying by a factor 1.15. 
                                              TRkWQ chillerw 5.276.8)613.715.0613.7(, ==×+=  
5.6.4. Water flow through the chiller 
 To find the water flow rate through a chiller unit, the following 
assumptions are used: 
• Outlet water temperature (6°C) from the chiller (CWS) is equal to 
(not exactly but nearly equal) inlet water temperature to FCU. 
• Outlet water temperature (14.2°C) leaves the FCU is equal to inlet 
water temperature to the panel. 
• Outlet water temperature (16.8°C) from the panel is equal to inlet 
water to the chiller (CWR). 
• Water flow rate from the chiller (0.2l/s) is equal water flow 
entering the FCU. 
• In the FCU it is assumed that the heat rejected by the air is equal to 
the heat gained by the water.   
Chilled-water systems for cooling normally operate with a design 
supply water temperature of 6 to 13°C (usually 7°C), and at a pressure of 
up to 830 kPa. Antifreeze or brine solutions may be used for applications 
(usually process applications) that require temperatures below 4°C or for 
coil freeze protection. Well-water systems can use supply temperatures of 
15°C or higher [69]. Since, the water temperature leaves the chiller 
(CWS) is assumed 6°C. Water chiller flow rate is determined based on 
equation (5.14). 







chillerwQrateflowWater ρ                                                        
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                                                             GPMLm 7.2sec/2.0sec/102.0 33 ==× −  
For the water flow rate 0.2l/s, it is necessary to check up for this 
quantity, either it is sufficient to reduce OA temperature from 45°C to 
supply air temperature 12°C or not. This phenomenon is fulfilled if the 
heat rejected by the air is equal to the heat gained by the chilled water in 
the FCU. The heat balance equation is expressed as: 
                                              waterairFCU QQQ ==                                   (5.16)   
                                              TCmQQ wpwwaterair ∆== ,&                           (5.17) 




Figure 5.5. Heat balance between chilled water and air through FCU              
 
( ) TRkwkWTCmQQQ wpwwaterairFCU 279.662.14184.42.0, =≈=−×=∆=== &  
Since the heat rejected by the air and chilled water are equal, no 
design changes are required.  
5.7. Condensation Control on the Panel Surfaces 
 Condensation on the surface of the panels is not a problem with 
radiant cooling. Since condensation of water occurs when the dew point 
temperature is reached, proper water temperature control will help avoid 
any condensation. To prevent formation of condensation, a sensor 
monitoring the dew point temperature of the room is used in conjunction 
with a controller which modulates the inlet water temperature 
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accordingly. Therefore, if a risk of condensation is present, the water 
temperature is raised or the water flow is shut off. However, the lower the 
panel's inlet temperature is the more work the panels do. The inlet 
temperature should be determined to be as closed as possible to the 
room's dew point temperature. Consequently, the cooling capacity of a 
radiant cooling system is generally limited by the minimum allowable 
temperature of the inlet water relative to the dew point temperature of the 
room [70].  
5.8. Water Distribution System 
Water systems that convey heat to or from a conditioned space or 
process with hot or chilled water are frequently called hydronic systems. 
Water flows through piping that connects a boiler, water heater, or chiller 
to suitable terminal heat transfer units located at the space or process. 
Water systems can be classified by (1) operating temperature, (2) flow 
generation, (3) pressurization, (4) piping arrangement, and (5) pumping 
arrangement. Water systems can be either once-through or recirculating 
systems [69]. 
Effective and economical water system design is affected by 
complex relationships between the various system components. The 
design water temperature, flow rate, piping layout, pump selection, 
terminal unit selection, and control method are all interrelated. System 
size and complexity determine the importance of these relationships to 
the total system operating success [69]. 
5.9. Radiant Cooling Panel Connection  
Flexible hoses (figure 5.6) are used to connect the ceiling panels. 
Flexible hoses also connect the cooling ceiling panel to the chilled water 
circuit. The connector between the chilled water circuit and the push-on 
coupling is a screw-in nipple (figure 5.7) with a 12mm diameter stud, 
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which is installed by a pipe fitter. During ceiling installation, the hoses 
are simply pushed onto the panel connections [13]. 
Individual panels can be connected for parallel flow using headers, 
or for sinuous or serpentine flow. To avoid flow irregularities in a header-
type grid, the water channel or lateral length should be greater than the 
header length. If the laterals in a header grid are forced to run in a short 
direction, using a combination series parallel arrangement can solve this 
problem. Serpentine flow ensures a more even panel surface temperature 








Figure 5.6. Hose with push-on             Figure 5.7. Screw-in nipple [13] 
couplings [13] 
                                                                         
5.10. Radiant Cooling Panel View 
Panels are preferably located in the ceiling because it is exposed to 
all other indoor surfaces, occupants, and objects in the conditioned indoor 
space. It is not likely to be covered, as floors are, and higher surface 




Figure 5.8. Ceiling radiant cooling panel view 
 
5.11. Pressure Drop through the Radiant Panel Model  
The primary variables in flow of a liquid through a pipe consist of 
volume flow rate, pressure, elevation, pipe diameter, pipe length, and 
power, from or to a machine [71].  
A significant portion of energy use in a hydronic system is 
transporting the fluid through the distribution system. Proper pump 
selection limits this energy use, whereas improper selection leads to 
energy inefficiency and poor distribution and heat transfer [69]. 
Pressure drop through the panels is subdivided into the following: 
• Panel's pressure drop (copper tubes). 
• Fitting's pressure drop (valves, bends and holes between the 
panels). 
• Evaporative chiller pressure drop. 
• Fresh FCU pressure drop. 
• PVC tubes pressure drop. 
All above variables are evaluated as follows: 
5.11.1. Panel's pressure drop (copper tubes) 
Panel's pressure drop (copper tubes) is calculated from table 5.5. 
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Table 5.5 Panel's pressure drop (copper tubes) 
Item NO. of 
panels 
Total length per 
panel (m/panel) 
Pressure* 
drop (Pa/m)  
Total pressure 
drop (Pa) 
Panels 4 16 262.8 16819.2 
* Taken from appendix 5.3 [72] at panel water flow rate 0.057l/s and tube diameter 0.0127m. 
 
5.11.2. Fitting's pressure drop (valves, bends and holes between the 
panels) 
Pressure drop caused by the fittings is expressed by equation 5.18 
[25]. 







ρ                                         (5.18) 
 Table 5.6 is used to find fitting's pressure drop. 
Table 5.6 Fitting's pressure drop 
Type of 
fittings 
No. of fittings K V 
(m/s) 
Total pressure drop 
(Pa) 
Return bend 48 2.4* 0.5 1467.90 
Connecting 
tube (nipple) 
5 3** 0.5 191.13 
Sum    1659 
* Selected from appendix 5.4 [30], (interpolation method). 
** Source: Dr. Mohamed Hashim, "Fluid Mechanics" University of Khartoum, Dept of 
Mechanical Engineering, Sudan 2001.   
 
5.11.3. Evaporative water chiller pressure drop 
From appendix 5.5 [73], at chiller cooling capacity 8.76kW which 
ranged between chiller model MCW070 and MCW100, the evaporative 




5.11.4. FCU pressure drop 
From appendix 5.6 at water flow rate 0.2l/s (720l/h), the water 
pressure drop is 18.28kPa (interpolation).  
5.11.5. PVC tubes pressure drop 
A closed water system is defined as one with no more than one 
point of interface with a compressible gas or surface, and that will not 
create system flow by changes in elevation. This definition is 
fundamental to understanding the hydraulic dynamics of these systems. 
Earlier literature referred to a system with an open or vented expansion 
tank as an “open” system, but this is actually a closed system; the 
atmospheric interface of the tank simply establishes the system pressure 
[69]. 
Kinetic energy and potential energy for a closed system has a 
minimum value when compared with an open system. Therefore, the 
pressure losses due to PVC tubes are neglected. All pressure drops of the 
model system are summarized in the table 5.7 below: 
Table 5.7 Total pressure drop through the CRCP system 
Panel's pressure drop (copper tubes) (Pa) 16819.2 
Fitting's pressure drop (Pa) 1659 
Evaporative chiller pressure drop (Pa) 28570 
Fresh FCU pressure drop (Pa)   18280 
Sum 65328.2 
 
A significant portion of energy use in a hydronic system is 
transporting the fluid through the distribution system. Proper pump 
selection limits this energy use, whereas improper selection leads to 
energy inefficiency and poor distribution and heat transfer [69]. 
    According to the total pressure drop, the head and power supply of 
pump are selected as follows:  
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∆= ρ  
                         WpqpowerHydraulic w 132.65328102.0 3 =××=∆×= −&  
 By assuming pump and motor efficiency 0.75and .0.9 respectively, 
then, the pump motor power is calculated as follows: 




13 ===  




3.17 ===  
5.12. Dedicated Outdoor System with Cooling Radiant Ceiling Panel 
(DOAS/CRCP) System 
The dedicated outdoor system with cooling radiant ceiling panel 
figure (5.9) system was born with the following two basic functions in 
1990s: First, remove all of outdoor air (OA) and space latent cooling 
loads with a 100% OA ventilation system (DOAS). Second, remove the 
sensible cooling loads, primary independent of the ventilation system, 
with a parallel mechanical cooling system (e.g., CRCP) [14], and also 
cooling panels/chilled beams (in combination with a DOAS) can reduce 
cooling and ventilation energy consumption by 25 – 30%  relative to a 







Figure 5.9. A radiant ceiling panel with DOAS/CRCP system [75] 
 
5.13. Factors Influence Radiant Ceiling Cost 
Following three golden rules results in lower cost of cooling 
ceilings [13]: 
• The best use of temperature differentials should be made. The 
capacity of a chilled ceiling is almost directly proportional to the 
average temperature difference between water temperature and 
room temperature. Therefore, if the temperature difference is 10°C 
instead of only 8°C, the needed active ceiling area is reduced by 
20 percent. The higher the room temperature and the lower the 
chilled water temperature that can be maintained the lower the cost 
for cooling ceilings [13]. 
• A panel size of (0.6m x 1.2m) or (0.6m x 0.6m) is to be chosen. 
• One type of active panel may be used. 
5.14. General Design Consideration for a Radiant Ceiling Panel 
System  
The application, design and installation of the radiant ceiling panel 
systems have certain requirements and techniques that should be 
recognized [54]: 
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• As with any hydronic system, close attention should be paid to the 
piping system design. Piping should be designed to assure that 
water of the proper temperature and in sufficient quantity will be 
available to every grid or coil at all times. 
• The cooling coils and air distribution should be carefully designed 
to ensure proper performance. Most problems occur when air 
equipment is not capable of delivering air quantities at the specified 
rates. 
• Attention must be given to avoid noise from entrained air, high 
velocity or high pressure drop devices or from pump or pipe 
vibrations. Water velocities should be high enough to prevent air 
from accumulating and causing air binding. Air venting devices 
should be manual rather than automatic and, where possible, 
should not be located over the ceilings of occupied spaces. 
• Interconnecting piping between panels should be of soft drawn 
copper and sufficiently looped to provide access to the panel from 
below if necessary. All piping should be tested to at least three 
times working pressure, but not less than 1035kPa (150 psi). 
• Systems designed to pass return air through the ceiling panels are 
not recommended since much of the panel heat transfer will be lost 
to the return air system. 
• Sufficient space above the ceiling must be allowed for installing 
and connecting the radiant ceiling panel piping. 
• Selection of summer design room dew point temperature below 
10°C (50°F) generally does not prove to be economical. 
• Because air quantity requirements are generally small when 
compared to a conventional system, it is not advisable to use an air 
volume control in any part of a radiant panel cooling system. 
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5.15. Comparison between CRCP/DOAS & VAV System for Peak 
Power Demand 
 One of the significant thesis's objectives is to compare the use of 
radiant cooling systems with conventional air conditioning systems. 
Figure 5.10 and 5.11 explain the difference between CRCP/DOAS with 









Figure 5.11. Basic arrangement of an all-air VAV system [76] 
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5.15.1 CRCP/DOAS system with recirculation air  
The comparison of CRCP/DOAS with the VAV system for peak 
power demand is based on when recirculation air and 100% fresh air are 
used in each respectively. Both supply air and fan coil unit (FCU) 
capacity of two systems should be calculated. Figure 5.12 illustrates 
thermodynamic properties of the air before and after the cooling coil of 




            Figure 5.12. Thermodynamic properties of the air before and 
            after the cooling coil of CRCP/DOAS system wit recirculation 
           air 
  
From figure 5.12 the mass flow rate of inside air which is cooled by 
the CRCP is computed as: 
                   ( )prpR TTCmloadcoolingsensiblePanel −= &               (5.20) 
From table 5.3, panel sensible cooling load is 0.613kW. Therefore, the 
mass flow rate of inside air that corresponds this load is,  
( ) ( ) skgTTC coolingsensiblePanelm prpR /064.05.1525006.1
613.0 =−=−=&  
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From appendix (4.2), at DBT = 15.5oC and Wr = Wp = 0.0135kg/kg 
dry air, the specific volume of air at point P (figure 5.3) is 0.831m3/kg 
then, 
slskgmR /2.53831.0064.0/064.0 =×==&  
From table 5.3, ventilation flow rate of outside air is 50l/s and 
recirculation air flow rate is 90l/s. Therefore, the inside air which is 
handled by the FCU unit is (90 – 53.2 = 36.8l/s). Figure 5.13 shows 




             
 Figure 5.13 CRCP/DOAS with recirculation air 
 
The fan coil unit capacity is calculated as follows:  




 The enthalpy of point M is specified from following equation: 
 











&                                          (5.22)                           
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From appendix (4.2) at supply air conditions, 
                                                      kgmvs /82.0 3=  
Therefore, 












5.15.2 VAV system with recirculation air  
  Figure 5.14 indicates thermodynamic properties of the air before 
and after the cooling coil of VAV system and figure 5.15 shows VAV 
with recirculation air. 
 
         
            Figure 5.14. Thermodynamic properties of the air before and 
            after the cooling coil of VAV system 
 
Flow rate of ventilation air is determined from equation 5.23. 
                        
3600
ACHspacedconditionetheofVolumeVven
×=&                    (5.23)  
From appendix 3.6 at office buildings, ACH = 7. 
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Then, 




 From equation 4.6, 




( ) ( ) =−=−== ofgrovenfgroovenvenl vhWWVhWWVqOALH /., &ρ  
                                                     ( ) kW5.0921.0/8.25000099.00135.005.0 =×−  
 From equation (4.17): 
                                                       ERLHERSHERTH +=  
Where 
                                    kWBPFOASHRSHERSH 9.212.01.177.2 =×+=×+=  
                              kWBPFOALHRLHERLH 22.012.05.01564.0 =×+=×+=  
Then 




                       Figure 5.15. VAV with recirculation air 
  








sup =×==−=−=&   
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5.15.3 CRCP/DOAS with 100% fresh air  
 From section 5.1.11 the fan coil unit capacity for CRCP/DOAS 
with 100% fresh air is 7kW. Figure 5.16 explains CRCP/DOAS with 
100% fresh air.  
 
                      Figure 5.16. CRCP/DOAS with 100% fresh air 
 
5.15.4 VAV system with 100% fresh air  
In some applications of air conditioning systems, 100% fresh air is 
needed to apply such as hospitals (sterilizing and surgery rooms) and 
medicine's factories. For sterilizing rooms' number of air changes per 
hour ranges between 15 to 25 (appendix 5.8). In this example (sterilizing 
rooms), the number of air changes per hour is selected as 19.6. Therefore, 






Ventilation flow rate of outside air (140l/s) in this case (sterilizing 
rooms) is equal to ventilation flow rate of CRCP/DOAS. Thus, the 
cooling load of the office building (3.5kW) is parallel to sterilizing room. 
Figure 5.17 illustrates VAV system with 100% fresh air. 
 
 
                                        Figure 5.17. VAV with 100% fresh air  
 
Both supply air and cooling coil capacity of VAV system is 
calculated as below: 
                                                                  
SR
p hh
ERTHm −=sup&           
                                                                                  
                             slkgm p /62.202921.022.0sec/22.01.3431.50
5.3




                                      












Table 5.8 describes comparison between CRCP/DOAS & VAV 
system for peak power demand. 
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Table 5.8 Comparison between CRCP/DOAS & VAV system for peak power demand 
100% fresh air  Recirculation air  




Supply air flow rate (l/s) 
Panel sensible cooling load (kW) 
Cooling coil capacity (kW) 
Supply fanb (kW) 
Round window exhaust fan (kW) 
Water pump (kW) 





























Total energy (kW) 7.7 10.42 4.3 5.2 
Power savings (kW) 0 2.72  0.9 








* Hospital applications: such as sterilizing rooms, surgery rooms and medicine's 
factories.   
a Specified from table 5.3.                                                                                                                                                    
b Supply fan can be used by reversing installation of exhaust fan.  
c Determined from appendix 5.7 at flow rate 140l/s (9.12 m3/s) and fan type model 
APB20B-1 and APB25B-1 (Interpolation).  
d Determined from appendix 5.7 at flow ate 202.62 l/s (12m3/s) and fan type modelAPB25B 
e Determined from appendix 5.7 at flow rate 40 l/s (2.4m3/s) and fan type model APC10C and 
APC15C (Interpolation).  
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5.16. Equipment and Measuring Devices 
 Before the experimental methodology is discussed, the materials, 
equipment and measurement devices which are used can be listed as 
follows:  





















Fig 5.20. Circular air fan                           Fig 5.21. Fresh air handling  














































Fig 5.26. Solar temperature sensor          Fig 5.27. Hg temperature 





























                        Fig 5.30. External resistances (rheostats)  
 
5.17. Model Space Condition 
The block diagram of the structured radiant ceiling panel with 
dedicated outdoor air system is shown in figure 5.31. The space 
conditioned has dimensions of 4.22 m x 2 m with height of 3.05 m. Four 
panels insulated at the top are used. Each of them has dimensions of 1.3 
m x 1.05 m with thickness of 4 mm. The chilled water passes to the fresh 
air handling unit to reduce the ambient temperature so as to supply an air 
temperature of 12oC and then, enters the panel with 14.2oC and exits with 
16.8oC. The chilled water is then pumped to a chiller, recooled and 
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returned to the ceiling. The function of fresh air handling unit is to 
remove the latent and partial sensible heat load of the space. Then, the 
recorded parameters, equipment and measuring devices will be described 
in table 5.9. External rheostats resistances (figure 5.30) are used to reduce 






















Inside and outside air 
temperature 
 
     ---- 
Hygrometer Recorded every 1 hour 
Interior and exterior 
air relative humidity 
 
     ---- 




     ---- 
Temperature 
sensor 
Recorded every 1 hour 
Supply air velocity Fresh AHU Anemometer Instant record  
Supply air velocity 
damper 
 
    ---- 
Rheostat  Instant record 
Supply air flow rate Fresh AHU Anemometer Instant record 
 




    ---- 
Continuous work 
       ---- Chiller  Continuous work 
Water flow rate Pump Water-flow 
meter 
Instant record 
Inlet and outlet 






Recorded every 1 hour 
Pump head        ----  Pressure gauge Instant record 
Inlet and outlet 
temperature to or 
from CRCP 
  
       ----  
Temperature 
sensor 





5.18. Sensor's Locations inside the Office Building  
Sensor's locations inside the office building were explained in table 
5.10 and figure 5.32. 
Table 5.10 Location of the sensor's points inside the office* 
Location Point 
Center of east wall, 120cm from floor E1* 
Center of west wall, 120cm from floor W1 
Center of south wall, 120cm from floor S1 
Center of north wall, 120cm from floor N1 
Center of ceiling radiant panel cooling  C1** 
Perpendicular point, 25cm away from center of east wall, 120cm from floor  E2*** 
Perpendicular point, 25cm away from center of west wall, 120cm from floor W2 
Perpendicular point, 25cm away from center of south wall, 120cm from floor S2 
Perpendicular point, 25cm away from center of north wall, 120cm from floor N2 
Office center, 120cm from floor C2 
* Points E1, W1, S1, and N1 represent inside walls surface temperatures of the office. 
** Point C1 indicates panel surface temperature. 







































                             Figure 5.32c. Isometric view  
Figure 5.32. Office building with sensor's locations 
 
After the design of the ceiling radiant cooling panel system and 
experimental set-up has been completed, the next chapter will present the 





RESULTS AND DISCUSSION 
 
6.1. Introduction 
 In this chapter the validity of application of ceiling radiant cooling 
panel with dedicated outdoor air system (CRCP/DOAS) model in a hot 
and arid environment is examined. The experimental verification is 
achieved by the cooling system which consists of water chiller unit, 
ducted fan coil (FCU) and ceiling radiant cooling panel. The proposed 
CRCP/DOAS model is also verified by comparing predicted inside 
surface temperatures figure (6.14) and measuring results from 
experimental work. In addition, the comparison between CRCP system 
and VAV system for power demand is presented and discussed.   
6.2. Sample of Data Recording 
The duration of the experimental took taken one month (from 19th 
September to 21ist October 2006), every day it started from 8 am and 
finishes at 4 pm. In these tests four interval times are selected for data 
recording (10am, 12pm, 2pm and 4pm) to evaluate the validity of CRCP 











Table 6.1 Temperature of outside air*  
Day 10:00 AM 12:00 PM 2:00 PM 4:00 PM
19.9.2006 40.98945 41.57175 41.37765 37.5927
21.9.2006 36.8163 38.46615 42.15405 41.0865
22.9.2006 42.15405 39.5337 40.40715 40.6983
23.9.2006 38.175 37.10745 40.01895 37.2045
24.9.2006 36.13695 40.01895 45.84195 46.42425
25.9.2006 35.16645 34.19595 38.9514 37.5927
26.9.2006 35.8458 34.39005 45.45375 45.84195
27.9.2006 36.234 34.19595 39.5337 41.57175
28.9.2006 32.44905 37.7868 43.90095 40.8924
29.9.2006 41.6688 44.9685 42.93045 42.34815
30.9.2006 39.24255 40.40715 42.4452 43.4157
1.10.2006 34.293 43.4157 44.7744 44.3862
2.10.2006 31.9638 36.234 39.63075 41.37765
3.10.2006 43.8039 36.8163 42.15405 43.8039
4.10.2006 40.8924 40.116 42.8334 45.5508
5.10.2006 36.52515 40.60125 43.8039 42.34815
6.10.2006 35.16645 39.04845 42.4452 40.60125
7.10.206 42.8334 38.5632 41.4747 39.24255
8.10.2006 35.2635 40.01895 43.4157 42.4452
9.10.2006 34.19595 37.49565 38.66025 40.21305
10.10.2006 33.1284 39.24255 40.8924 42.54225
11.10.2006 35.8458 42.34815 39.5337 40.40715
12.10.2006 30.0228 32.7402 31.9638 37.5927
13.10.2006 36.52515 37.2045 38.07795 40.79535
14.10.2006 35.0694 38.07795 40.98945 40.01895
15.10.2006 38.7573 38.7573 40.21305 40.98945
16.10.2006 33.41955 36.13695 37.68975 37.5927
17.10.2006 35.8458 40.98945 40.8924 40.98945
18.10.2006 32.1579 38.7573 39.7278 37.49565
19.10.2006 34.0989 39.9219 39.04845 40.01895












Table 6.2 Relative humidity of outside air (%) 
Day 10:00 AM 12:00 PM 2:00 PM 4:00 PM 
19.9.2006 34 36 25 27 
21.9.2006 35 34 24 26 
22.9.2006 21 21 20 21 
23.9.2006 30 32 21 21 
24.9.2006 37 31 20 20 
25.9.2006 41 45 32 20 
26.9.2006 44 41 23 23 
27.9.2006 44 39 32 21 
28.9.2006 45 32 20 26 
29.9.2006 31 21 22 23 
30.9.2006 33 36 25 21 
1.10.2006 43 28 20 20 
2.10.2006 41 30 23 21 
3.10.2006 25 31 23 20 
4.10.2006 20 22 20 20 
5.10.2006 25 20 20 20 
6.10.2006 34 24 22 20 
7.10.206 25 28 22 22 
8.10.2006 32 24 20 20 
9.10.2006 23 20 20 20 
10.10.2006 35 23 20 20 
11.10.2006 33 28 28 25 
12.10.2006 44 39 42 28 
13.10.2006 34 30 25 22 
14.10.2006 33 23 20 20 
15.10.2006 27 20 20 20 
16.10.2006 32 24 23 24 
17.10.2006 33 27 24 24 
18.10.2006 41 31 26 26 














Table 6.3 Temperature of inside air at office center point (C2)  
Day 10:00 AM 12:00 PM 2:00 PM 4:00 PM 
19.9.2006 24.4394 25.16117 26.19227 26.5016 
21.9.2006 22.78964 22.89275 23.4083 25.4705 
22.9.2006 22.78964 22.58342 23.61452 23.71763 
23.9.2006 22.78964 22.99586 23.71763 22.89275 
24.9.2006 23.4083 24.64562 24.64562 25.4705 
25.9.2006 22.58342 23.09897 23.4083 23.92385 
26.9.2006 24.64562 24.13007 24.95495 25.05806 
27.9.2006 21.86165 21.55232 22.3772 23.30519 
28.9.2006 22.06787 22.89275 24.33629 23.61452 
29.9.2006 23.4083 24.13007 24.33629 24.33629 
30.9.2006 26.19227 24.33629 24.02696 27.5327 
1.10.2006 22.3772 23.61452 24.85184 24.64562 
2.10.2006 22.3772 22.89275 23.92385 23.71763 
3.10.2006 22.99586 23.4083 24.95495 24.74873 
4.10.2006 22.27409 22.58342 24.13007 23.71763 
5.10.2006 21.86165 22.68653 23.92385 24.33629 
6.10.2006 24.02696 23.92385 24.33629 25.4705 
7.10.206 23.4083 25.05806 24.74873 24.4394 
8.10.2006 24.74873 24.85184 25.98605 25.88294 
9.10.2006 23.4083 23.71763 26.91404 25.36739 
10.10.2006 23.30519 24.13007 24.74873 25.16117 
11.10.2006 23.71763 26.5016 25.4705 26.08916 
12.10.2006 22.78964 22.58342 22.89275 22.3772 
13.10.2006 23.09897 23.30519 23.61452 24.02696 
14.10.2006 23.61452 23.82074 24.74873 25.4705 
15.10.2006 26.70782 24.02696 24.85184 25.4705 
16.10.2006 22.68653 22.89275 23.61452 24.33629 
17.10.2006 24.85184 25.4705 26.08916 26.70782 
18.10.2006 25.16117 26.08916 26.5016 26.70782 
























19.9.2006 53 55 53 52 
21.9.2006 65 63 62 66 
22.9.2006 61 58 61 50 
23.9.2006 60 61 56 49 
24.9.2006 56 56 51 45 
25.9.2006 59 61 59 57 
26.9.2006 61 61 59 58 
27.9.2006 70 68 66 60 
28.9.2006 65 64 54 57 
29.9.2006 63 62 59 58 
30.9.2006 71 64 63 62 
1.10.2006 59 60 49 48 
2.10.2006 54 52 49 45 
3.10.2006 50 54 50 43 
4.10.2006 42 45 43 45.4 
5.10.2006 45 41 42 41 
6.10.2006 48 51 46 39 
7.10.206 46 54 43 42 
8.10.2006 50 49 43 40 
9.10.2006 50 45 42.8 41 
10.10.2006 51 50 42 41 
11.10.2006 53 54 54 52 
12.10.2006 50 52 54 50 
13.10.2006 57 56 54 47 
14.10.2006 52 50 44 41 
15.10.2006 49 44 41 43 
16.10.2006 48 47 48 48 
17.10.2006 48 58 58 41 
18.10.2006 53 49 46 44 














Table 6.5 Inside surface temperature of the east wall at point (E1)  
Day 10:00 AM 12:00 PM 2:00 PM 4:00 PM 
19.9.2006 27.6 27.4 27.7 27.9 
21.9.2006 24.6 24.2 24.2 24.9 
22.9.2006 24.8 24.2 24.5 25.1 
23.9.2006 25.2 24.8 24.7 25.2 
24.9.2006 25.9 25.4 25.9 26.5 
25.9.2006 25.7 25.2 25.6 25.6 
26.9.2006 25.4 25.6 25.9 26.2 
27.9.2006 23.2 23.2 22.9 23.9 
28.9.2006 23.2 23.1 23.8 24.5 
29.9.2006 24.7 24.8 24.9 25.4 
30.9.2006 26.2 25.2 25.4 26.2 
1.10.2006 26.2 25.2 25.7 25.9 
2.10.2006 25.2 24.9 25.2 25.6 
3.10.2006 26.1 25.7 26.3 26.3 
4.10.2006 25.4 24.9 25.9 26.2 
5.10.2006 26.1 25.7 26.1 26.1 
6.10.2006 27.2 26.4 26.4 27.4 
7.10.206 27 26.4 26.7 27.2 
8.10.2006 27.1 27 27.1 27.2 
9.10.2006 26.8 26.6 27.7 27.6 
10.10.2006 27.1 27.1 27 27.6 
11.10.2006 27.6 27.1 27.4 28.2 
12.10.2006 27.2 27.1 27 25.7 
13.10.2006 25.2 25.4 25.6 25.9 
14.10.2006 27.1 26.4 26.8 27.6 
15.10.2006 27.2 26.7 27.4 27.7 
16.10.2006 26.5 26.2 26.4 26.8 
17.10.2006 27.6 27.1 27.4 28.2 
18.10.2006 27.7 27.1 27.2 27.7 















Table 6.6 Inside surface temperature of the west wall at point (W1) 
Day 10:00 AM 12:00 PM 2:00 PM 4:00 PM 
19.9.2006 29.8 29.3 29.7 29.8 
21.9.2006 27.2 26.3 25.8 26.8 
22.9.2006 27.3 26.7 26.5 27.2 
23.9.2006 27.5 27 26.8 26.8 
24.9.2006 27.9 27.5 26.8 28.4 
25.9.2006 27.9 27.3 27.2 27.3 
26.9.2006 27.5 27.5 27.8 28.2 
27.9.2006 25.1 24.3 24.5 25.4 
28.9.2006 25.8 25 25.8 26.3 
29.9.2006 26.8 26.8 27.3 27.5 
30.9.2006 28.1 27.2 27.2 27.8 
1.10.2006 27.5 26.8 27.3 27.5 
2.10.2006 27 26.7 26.7 27.5 
3.10.2006 28.3 27.3 27.8 28.1 
4.10.2006 27.3 26.7 27.5 28.1 
5.10.2006 28.2 27.7 27.8 28.5 
6.10.2006 29 28.1 28.2 29.2 
7.10.206 29 28.3 28.6 29 
8.10.2006 29 28.8 28.8 29 
9.10.2006 28.8 28.5 29.3 29.5 
10.10.2006 29.3 28.8 28.8 29.3 
11.10.2006 29.9 29.3 29.3 30.3 
12.10.2006 29.5 28.4 28.2 27.7 
13.10.2006 27.3 27.3 27.5 27.9 
14.10.2006 29.3 28.4 28.7 29.7 
15.10.2006 29.8 28.8 29.2 29.8 
16.10.2006 28.7 28 28.2 28.8 
17.10.2006 29.8 29.2 29.3 30.2 
18.10.2006 29.8 29 29.3 29.8 














Table 6.7 Inside surface temperature of the south wall at point (S1) 
Day 10:00 AM 12:00 PM 2:00 PM 4:00 PM 
19.9.2006 28.8 28.8 29.4 29.9 
21.9.2006 26.7 26.2 26.3 27 
22.9.2006 26.6 26.3 26.3 27.2 
23.9.2006 26.6 26.7 26.8 27.3 
24.9.2006 27.3 27.3 27.6 28.8 
25.9.2006 27 26.3 26.6 26.9 
26.9.2006 26.7 27.2 28.2 28.3 
27.9.2006 24.3 24.3 24.9 26.2 
28.9.2006 25.6 25 25.8 26.8 
29.9.2006 25.7 26.3 27.6 27.6 
30.9.2006 27.6 26.8 27 28.3 
1.10.2006 26.7 26.3 27.6 27.9 
2.10.2006 26.3 26.3 26.5 27.3 
3.10.2006 27.6 27.2 28.3 28.5 
4.10.2006 26.3 25.9 27.6 28.3 
5.10.2006 26.9 27.2 27.9 28.7 
6.10.2006 27.8 27.3 28.3 29.5 
7.10.206 28 27.6 28.5 28.8 
8.10.2006 28.2 28.3 29 29.3 
9.10.2006 27.7 27.9 29.6 30 
10.10.2006 28.1 28.5 29 30.1 
11.10.2006 28.7 28.3 29.3 28.8 
12.10.2006 27.6 27 27 26.8 
13.10.2006 26.2 26.6 27.3 28.2 
14.10.2006 28.3 28 29 30.1 
15.10.2006 28.5 28 29.6 30.2 
16.10.2006 27.7 27.5 28.5 29 
17.10.2006 28.7 28.5 29.5 30.5 
18.10.2006 28.8 28.5 29.5 30.1 















Table 6.8 Inside surface temperature of the north wall at point (N1) 
Day 10:00 AM 12:00 PM 2:00 PM 4:00 PM 
19.9.2006 28.6 28.5 29.2 29.9 
21.9.2006 25.6 25.4 26 26.8 
22.9.2006 26.3 25.9 26.3 27.4 
23.9.2006 26.3 26.3 26.7 27.4 
24.9.2006 27 27 27.7 28.6 
25.9.2006 26.7 26.4 27 27.4 
26.9.2006 26.4 26.6 27.2 28.3 
27.9.2006 23.4 23 23.5 24.6 
28.9.2006 23.4 23.9 25.3 26.4 
29.9.2006 25.5 26 27 27.5 
30.9.2006 26.9 26.2 26.7 28 
1.10.2006 26 25.9 27 27.7 
2.10.2006 26.6 26.6 26.5 27.5 
3.10.2006 27 26.6 27.5 28 
4.10.2006 26.2 25.9 27.2 27.4 
5.10.2006 26.6 26.6 27.4 28.3 
6.10.2006 27.9 27.5 27.7 29 
7.10.206 27.5 27.4 28 28.9 
8.10.2006 28 27.9 28.2 28.5 
9.10.2006 27.7 27.5 28.6 29 
10.10.2006 27.7 27.5 28 28.9 
11.10.2006 28.3 28.2 29 30 
12.10.2006 28.1 27.5 27.5 27.2 
13.10.2006 26.3 26.7 27 28.1 
14.10.2006 27.7 27.5 28 29.5 
15.10.2006 28.3 28 28.9 29.5 
16.10.2006 27 26.9 27.5 28.4 
17.10.2006 28.3 28.2 28.9 30 
18.10.2006 28.4 28.2 28.8 29.5 















Table 6.9 Inside surface temperature of the CRCP at point (C1) 
Day 10:00 AM 12:00 PM 2:00 PM 4:00 PM 
19.9.2006 24.7 25.6 26.9 27.5 
21.9.2006 23 23.2 23.7 27.5 
22.9.2006 23 23.5 24.9 26 
23.9.2006 23.2 24.4 23.4 24.4 
24.9.2006 23 23.6 24.7 26 
25.9.2006 22.9 23 23.5 24.4 
26.9.2006 22.9 23.9 25 26.3 
27.9.2006 21.1 21.1 22.5 23.9 
28.9.2006 22.2 23.5 26 26 
29.9.2006 23.7 26 26.2 26.5 
30.9.2006 26.9 24.7 26 29.9 
1.10.2006 23.4 24.2 26.4 26.7 
2.10.2006 22.4 23.7 25.6 27 
3.10.2006 24 24.5 26 27.5 
4.10.2006 22.7 23.6 25.9 26.2 
5.10.2006 22.1 24.2 26 27.5 
6.10.2006 24.6 25.2 26 28 
7.10.206 23.9 24.9 26 27.3 
8.10.2006 25 25.4 27 27.5 
9.10.2006 23.2 24.1 30.5 27.4 
10.10.2006 23.9 26 26.4 27.2 
11.10.2006 24.7 25.6 26.6 28.7 
12.10.2006 24 24 24.7 24.1 
13.10.2006 23.7 24.5 25.5 26.6 
14.10.2006 24.4 24.9 26.5 28 
15.10.2006 24.5 25 27 27.6 
16.10.2006 23.6 24.1 25.4 26.5 
17.10.2006 25 25.6 26.6 28 
18.10.2006 24.7 25 26 26.4 















Table 6.10 Inside surface temperature of the east wall at point (E2)  
Day 10:00 AM 12:00 PM 2:00 PM 4:00 PM 
19.9.2006 25.9545 26.6073 27.0425 27.4777 
21.9.2006 25.6281 24.9753 24.7577 26.6073 
22.9.2006 24.3225 23.8873 24.1049 24.4313 
23.9.2006 24.8665 25.3017 25.1929 25.1929 
24.9.2006 25.5193 25.7369 25.8457 26.6073 
25.9.2006 24.8665 25.1929 25.3017 25.5193 
26.9.2006 25.3017 26.0633 26.2809 26.3897 
27.9.2006 24.1049 23.3433 23.6697 25.3017 
28.9.2006 24.7577 24.6489 25.3017 25.1929 
29.9.2006 25.1929 25.6281 25.5193 25.3017 
30.9.2006 27.6953 25.3017 25.3017 27.9129 
1.10.2006 27.9129 24.3225 25.3017 24.9753 
2.10.2006 23.1257 23.5609 24.4313 24.9753 
3.10.2006 25.3017 24.2137 25.6281 25.6281 
4.10.2006 23.1257 22.7993 24.4313 25.1929 
5.10.2006 23.2345 23.7785 24.7577 24.7577 
6.10.2006 25.3017 24.4313 24.7577 26.3897 
7.10.206 24.6489 24.9753 25.9545 25.6281 
8.10.2006 25.9545 25.8457 25.9545 25.8457 
9.10.2006 24.3225 24.7577 27.9129 26.3897 
10.10.2006 25.1929 25.6281 25.8457 26.3897 
11.10.2006 25.3017 25.6281 26.2809 27.0425 
12.10.2006 24.9753 25.6281 25.8457 24.2137 
13.10.2006 23.8873 24.4313 24.7577 25.3017 
14.10.2006 25.3017 24.7577 25.8457 26.7161 
15.10.2006 25.6281 24.9753 26.0633 26.7161 
16.10.2006 24.4313 24.4313 25.1929 25.7369 
17.10.2006 26.0633 26.3897 26.9337 27.4777 
18.10.2006 26.2809 26.0633 26.3897 26.8249 















Table 6.11 Inside surface temperature of the west wall at point (W2) 
Day 10:00 AM 12:00 PM 2:00 PM 4:00 PM 
19.9.2006 27.16163 27.46484 27.76805 27.76805 
21.9.2006 24.53381 24.12953 26.65628 25.74665 
22.9.2006 24.12953 23.72525 24.2306 24.73595 
23.9.2006 24.53381 25.14023 25.14023 24.93809 
24.9.2006 25.2413 25.54451 25.84772 26.252 
25.9.2006 24.53381 24.63488 25.2413 25.2413 
26.9.2006 25.2413 25.94879 26.252 26.55521 
27.9.2006 22.81562 22.61348 23.11883 24.2306 
28.9.2006 23.52311 23.62418 24.73595 24.73595 
29.9.2006 24.2306 25.54451 25.44344 25.44344 
30.9.2006 26.75735 25.2413 25.2413 27.46484 
1.10.2006 24.43274 24.63488 25.44344 25.2413 
2.10.2006 23.82632 24.2306 24.73595 25.2413 
3.10.2006 24.83702 24.93809 25.2413 25.64558 
4.10.2006 23.72525 23.82632 25.2413 25.54451 
5.10.2006 24.2306 24.53381 25.2413 25.94879 
6.10.2006 25.84772 25.64558 25.74665 26.65628 
7.10.206 25.44344 25.84772 26.45414 26.252 
8.10.2006 26.252 26.45414 26.85842 26.95949 
9.10.2006 25.44344 25.64558 28.2734 27.16163 
10.10.2006 26.252 26.55521 26.85842 26.85842 
11.10.2006 26.75735 27.16163 27.2627 28.17233 
12.10.2006 25.94879 25.44344 25.44344 24.63488 
13.10.2006 25.14023 25.44344 25.2413 25.74665 
14.10.2006 26.252 25.84772 26.85842 27.46484 
15.10.2006 26.55521 26.252 27.16163 27.46484 
16.10.2006 25.2413 25.2413 25.84772 26.45414 
17.10.2006 27.46484 27.46484 27.76805 28.2734 
18.10.2006 27.2627 27.2627 27.66698 27.66698 















Table 6.12 Inside surface temperature of the south wall at point (S2) 
Day 10:00 AM 12:00 PM 2:00 PM 4:00 PM 
19.9.2006 27.4309 27.33028 27.63214 27.4309 
21.9.2006 23.4061 23.60734 23.80858 25.4185 
22.9.2006 23.4061 23.50672 23.50672 23.9092 
23.9.2006 24.21106 24.21106 24.61354 24.61354 
24.9.2006 24.9154 25.21726 25.21726 26.32408 
25.9.2006 24.9154 24.81478 25.11664 24.9154 
26.9.2006 24.4123 24.9154 24.9154 25.82098 
27.9.2006 20.78998 20.78998 21.8968 23.30548 
28.9.2006 21.3937 21.99742 23.9092 24.11044 
29.9.2006 22.60114 23.60734 24.9154 24.4123 
30.9.2006 25.21726 24.21106 23.4061 27.4309 
1.10.2006 23.20486 23.20486 23.9092 24.51292 
2.10.2006 22.903 23.20486 23.80858 24.11044 
3.10.2006 23.9092 23.80858 24.21106 24.81478 
4.10.2006 22.80238 22.903 24.4123 24.81478 
5.10.2006 23.60734 23.9092 24.51292 25.31788 
6.10.2006 24.61354 23.80858 24.4123 25.82098 
7.10.206 25.11664 24.9154 25.61974 25.61974 
8.10.2006 25.9216 25.31788 25.9216 26.22346 
9.10.2006 24.9154 25.31788 27.934 26.9278 
10.10.2006 26.22346 26.4247 26.22346 26.9278 
11.10.2006 26.4247 26.32408 26.82718 26.4247 
12.10.2006 25.9216 25.4185 25.21726 24.9154 
13.10.2006 24.61354 25.21726 25.31788 25.61974 
14.10.2006 25.9216 25.61974 26.32408 27.12904 
15.10.2006 26.22346 25.9216 26.62594 27.4309 
16.10.2006 25.31788 25.31788 25.9216 26.32408 
17.10.2006 26.9278 27.12904 27.4309 28.13524 
18.10.2006 26.9278 26.22346 26.82718 26.82718 















Table 6.13 Inside surface temperature of the north wall at point (N2) 
Day 10:00 AM 12:00 PM 2:00 PM 4:00 PM 
19.9.2006 26.48554 26.59005 27.42613 27.73966 
21.9.2006 23.9773 23.66377 23.87279 25.44044 
22.9.2006 23.35024 23.14122 23.9773 24.29083 
23.9.2006 23.9773 24.39534 24.29083 24.60436 
24.9.2006 24.70887 25.23142 25.54495 26.0675 
25.9.2006 23.55926 24.18632 24.70887 24.91789 
26.9.2006 24.49985 25.23142 25.54495 26.27652 
27.9.2006 22.30514 21.78259 22.09612 23.45475 
28.9.2006 22.30514 22.9322 24.39534 24.18632 
29.9.2006 23.87279 24.91789 24.49985 25.0224 
30.9.2006 26.27652 24.70887 25.64946 27.21711 
1.10.2006 23.55926 23.9773 24.91789 24.91789 
2.10.2006 23.45475 23.45475 24.18632 24.70887 
3.10.2006 23.9773 23.9773 24.91789 25.33593 
4.10.2006 22.9322 22.9322 24.70887 23.24573 
5.10.2006 22.9322 23.87279 24.91789 25.44044 
6.10.2006 25.0224 25.23142 25.0224 26.0675 
7.10.206 24.60436 25.33593 26.27652 25.96299 
8.10.2006 26.27652 25.75397 26.48554 26.59005 
9.10.2006 24.91789 24.91789 27.84417 26.59005 
10.10.2006 25.33593 25.75397 26.27652 26.27652 
11.10.2006 25.64946 26.27652 27.1126 27.63515 
12.10.2006 24.70887 24.39534 24.39534 23.66377 
13.10.2006 23.9773 24.60436 24.60436 25.23142 
14.10.2006 25.33593 25.0224 26.0675 26.79907 
15.10.2006 25.75397 25.96299 26.79907 27.21711 
16.10.2006 24.18632 24.18632 25.23142 25.75397 
17.10.2006 26.27652 26.27652 27.42613 27.53064 
18.10.2006 26.27652 26.59005 27.1126 27.1126 













6.3. Experimental Results 
The following figures depict the results obtained after testing the 
system during the months of September and October of the year 2006. 
 
 




        Figure 6.2. Relative humidity of outside air 
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        Figure 6.5. Inside surface temperature of the east wall at point 




             Figure 6.6. Inside surface temperature of the west wall at 




        Figure 6.7. Inside surface temperature of the south wall at point 
        S1 (Table 5.10) 
 
   
 
          Figure 6.8. Inside surface temperature of the north wall at 
          point N1 (Table 5.10)  
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         Figure 6.9. Inside surface temperature of the ceiling radiant 



















        Figure 6.13. Inside air temperature at point N2 (Table 5.10) 
 
6.4. Design Conditions against Experimental Results of Outside and 
Inside Conditions of Air 
 Design conditions and average of experimental work (relative 
humidity and dry bulb temperature) for outside and inside air are 
described in table 6.14.  
Table 6.14 Design conditions vs. experimental results of outside and 
inside conditions of air  
Average of experimental work Design condition  
DBT (oC)  R.H (%)  DBT (oC)  R.H (%)  Condition 
38.82 28 45 22.39 Outside Conditions 









6.5. Predicted versus Experimental of Inside Walls Surface 
Temperatures of the Office 
 Table 6.15 and figure 6.14 illustrate predicted versus experimental 
of inside walls surface temperatures of the office. 
Table 6.15 Predicted vs. experimental results of inside walls surface 
temperatures of the office 
Surface temperature* Predicted (oC) Average of experimental work (oC) 
E1 26.75 26.16 
W1 26.8 28.14 
N1 27 27.37 
S1 26.73 27.78 
C1 25 25.06 





      Figure 6.14. Comparison between predicted and experimental 





6.6. Average Temperatures of Perpendicular Walls of Inside Air at 
the Office Building (Experimental Results) 
  The average temperatures of perpendicular walls of inside air at the 
office building which have been obtained during the period of 
experimental were summarized in table 6.16.                            
Table 6.16 Average temperatures of perpendicular walls of inside air 
at the office (experimental work) 





* Point location: 0.25m from center of each wall surface and 1.2m (seating level) from floor, see 
chapter 5 (table 5.10).  
 
6.7. Energy Savings 
The first costs for radiant systems are comparable with those for 
traditional variable-air volume (VAV) systems, but their lifetime energy 
savings over VAV systems are routinely 25 percent or even more [16]. 
Figure 6.15 shows a comparison between CRCP/DOAS & VAV system 
for peak power demand through this study. 
It is clear that from this figure that the CRCP/DOAS system with 
recirculation air saves 21% energy over the VAV system with return air. 
On the other hand, the CRCP/DOAS system with 100% fresh air can save 
more than 35.3% of input power over a VAV system with 100% fresh air.  
The reason for this is that the CRCP/DOAS uses minimum supply 
air (86.8l/s) than VAV system (157.83 l/s) in case if recirculation air is 
used in each respectively. Also, the CRCP/DOAS uses supply air (140l/s) 
than VAV system (202.62 l/s) in case if 100% fresh air is used in each 
respectively. The other reason is attributed to the energy used by its pump 
(19.2W) is less than by fan (40W) in VAV system. These results refer to 
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the fact that the radiant cooling can reduce energy demand because the 
energy used by its pump is lower than that by fan in all air systems [77]. 




        Figure 6.15. Comparison between CRCP/DOAS & VAV system 
        for peak power demand 
6.8. Discussion of Results 
The results, which have been obtained during this study, can be 
discussed in the following points: 
• Figure 6.1 shows the variation of outside air temperature during the 
experimental period. The horizontal axis indicates date of 
experimental work during the month of September and October in 
2006 while the vertical axis illustrates outside air temperature at 
10am, 12pm, 2pm and 4pm. It is clear that the outside air 
temperature is high and ranged between 35oC to 47oC. From figure 
6.2, it will be seen that the relative humidity of outside air did not 
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increase more than 47% even in the autumn season (July- October). 
This explains that Khartoum is regarded as an arid region. 
• From figure 6.3 and figure 6.4, it will be observed that the inside 
air temperature and relative humidity of the conditioned space 
show uniform distribution. Temperature lies between 23oC to 26oC 
and also relative humidity lies between 40% to 60%. 
• According to ASHRAE, the acceptable comfort condition 
temperature varies between 22oC to 25oC and relative humidity 
ranges between 40% to 60% in summer. Hence the results in figure 
6.3 and figure 6.4 indicate that the panel system gives reasonable 
performance and provides comfortable conditions.  
• From table 6.14 it is found that the experimental results (DBT 
and RH of outside air) show relative variance when compared 
with design conditions. The variation is attributed to the fact 
that experiments were conducted during autumn season instead 
of summer season for which design conditions were set. On the 
other hand, the RH and DBT of inside air of experimental 
results show an increase of 4.42% and 3.4% in each 
respectively.     
• Table 6.15 shows summary of average inside walls surface 
temperatures (figure 6.5 to 6.9) of inside air building. These 
results confirm that, the application of computer simulation in 
engineering sciences is expected to render reasonable results. 
• Table 6.16 shows a short list of average perimeter temperatures 
(figure 6.10 to 6.13) of air inside of the office building. It is 
clear that, these temperatures are close to inside air design 
temperature (25oC).  
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• Figure 6.14 demonstrates that the ceiling radiant cooling panel 
system creates uniform temperature distribution in the 
conditioned space. Moreover, the predicted inside walls surface 
temperatures are shown to be in reasonable agreement with 
those measured from experimental results.   
• The above comparisons (figure 6.15) have shown that the 
CRCP/DOAS system saves 21% energy over the VAV system 
with recirculation air. On the other hand, the CRCP/DOAS 
system with 100% fresh air can save more than 35.3% of input 
power over a VAV system with 100% fresh air.  The reduction 
in power demand and supply air flow rate refers to the fact that, 
the cooling panels/chilled beams (in combination with a DOAS) 
can reduce cooling and ventilation energy consumption by 25 – 
30% relative to a variable air volume (VAV) system as 
confirmed by Kurt w. Roth [75]. 
• In a VAV system both cooling and ventilation are fulfilled by 
circulating large volume of air through the conditioned space. 
This requires high fan power demand and large ducts. On the 
other hand a radiant panel cooling system saves fan power and 













CONCLUSIONS AND RECOMMENDATIONS 
 
7.1. Conclusions 
From the study of the radiant panel under system according to 
Khartoum climatic conditions, the following conclusion can be drawn: 
• The main objective of this research was to design and investigate a 
radiant panel cooling systems in an office building under the 
central Sudan climatic conditions and to explore the benefits of 
radiant cooling systems over conventional air conditioning systems 
(VAV system).  
• A computer program (Matlab) is used to calculate transient heat 
flow (finite difference method) through the walls and ceiling 
(variable load) of the conditioned space so as to develop the 
simulation model. This program is powerful to solve problems 
numerically that can be required using just one or two commands, 
easy to use with as little computation time and storage requirement 
as possible and excellent graphics facilities are available.  
• The present investigation indicated that the radiant cooling system 
not only reduces the building energy consumption but also 
improve the human comfort (100% fresh air and uniform 
temperatures distribution) in the conditioned space. 
• The above comparisons (figure 6.15) have shown that the 
CRCP/DOAS system saves 21% energy over the VAV system 
with recirculation air. On the other hand, the CRCP/DOAS system 
with 100% fresh air can save more than 35.3% of input power over 
a VAV system with 100% fresh air.    
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The reason for this is that the CRCP/DOAS uses minimum supply air 
(86.8l/s) than VAV system (157.83 l/s) in case if recirculation air is 
used in each respectively. Also, the CRCP/DOAS uses supply air 
(140l/s) than VAV system (202.62 l/s) in case if 100% fresh air is 
used in each respectively.  
• The radiant panel cooling system is found to be very suitable for a 
hot and arid environment (Khartoum region) as shown in this 
investigation. 
• Electrical services reduction for the mechanical equipment can be 
achieved due to smaller chiller, fans and pumps. 
• The results obtained in this study demonstrate that the ceiling 
radiant cooling panel system creates uniform temperature 
distribution in the conditioned space. Moreover, the predicted 
inside walls surface temperatures are shown to be in reasonable 
agreement with those measured as indicated in the experimental 
results.   
• Ceiling radiant cooling panel has great advantages of improving 
thermal comfort and power demand when compared with VAV 
system.  
7.2. Recommendations 
• The cooling load estimation in chapter four was based on the 
assumption of transient heat flow in one dimension using the 
explicit method. For further work the implicit method is 
recommended. 
• The over design problem (required panel area) is due to the fact 
that, the manufacturers rated data (radiant panel cooling capacity) 
in the standard test chamber are usually less than the actual 
capacities measured in the real space condition because the rating 
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standard is based on no mechanical ventilation and adiabatic walls 
[5]. More future work is required to apply practical correlation as 
shown in chapter 5 (equation 5.11) to calculate radiant panel 
cooling capacity. 
• Radiant cooling panel system has great advantages in improving 
thermal comfort and also in reducing power demand. But the 
system has a high condensation risk if used in humid environment 
(high latent load). Therefore, it is recommended that the ventilation 
system should be equipped with liquid dehumidification system in 
order to provide very dry supply air. Thus, the ceiling radiant 
cooling panel with liquid dehumidification system can be used in 
both arid and humid climate regions. 
• Radiant cooling system without mechanical ventilation creates low 
cooling in conditioned space and condensation may form on panel 
surfaces. Consequently, the dedicated outdoor air system (DOAS) 
should be coupled with CRCP system. 
• Application of a radiant cooling panel system to other types of 
buildings such as hospitals (100% fresh air is used), schools (no 
noise due to the use of minimum supply air is used), meeting halls, 
ministries, universities, public and private residents should be taken 
into considerations.  
• Feasibility study of the ceiling radiant cooling panel systems 
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Appendix (3.3): Typical Thermal Properties of Common Building 
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Density
























-150 2.793 1.026  0.0116 3.08 8.21 0.76 
-100 1.980 1.009 0.0160 5.95 5.82 0.74 
-50 1.534 1.005 0.0204 9.55 4.51 0.725 
0 1.293 1.005 0.0243 13.30 3.67 0.715 
20 1.205 1.005 0.0257 15.11 3.43 0.713 
40 1.127 1.005 0.0271 16.97 3.20 0.711 
60 1.067 1.009 0.0285 18.90 3.00 0.709 
80 1.000 1.009 0.0299 20.94 2.83 0.708 
100 0.946 1.009 0.0314 23.06 2.68 0.703 
120 0.898 1.013 0.0328 25.23 2.55 0.70 
140 0.854 1.013 0.0343 27.55 2.43 0.695 
160 0.815 1.017 0.0358 29.85 2.32 0.69 
180 0.779 1.022 0.0372 32.29 2.21 0.69 
200 0.746 1.026 0.0386 34.63 2.11 0.685 
250 0.675 1.034 0.0421 41.17 1.91 0.68 
300 0.616 1.047 0.0454 47.85 1.75 0.68 
350 0.566 1.055 0.0485 55.05 1.61 0.68 
400 0.524 1.068 0.0515 62.53 1.49 0.68 
 159
Appendix (3.5): Polyethylene Terephthalate  




      
Coefficient of thermal expansion ( x10-6 K-1 ) 20-80 
Heat-deflection temperature - 0.45MPa ( C ) 115 
Heat-deflection temperature - 1.8MPa ( C ) 80 
Lower working temperature ( C ) -40 to -60 
Specific heat ( J K-1 kg-1 ) 1200 - 1350 
Thermal conductivity ( W m-1 K-1 ) 0.15-0.4 @ 23C 
Upper working temperature ( C ) 115-170 
 
Mechanical Properties       
Coefficient of friction 0.2-0.4 
Hardness - Rockwell M94-101 
Izod impact strength ( J m-1 ) 13-35 
Poisson's ratio 0.37-0.44(oriented) 
Tensile modulus ( GPa ) 2-4 





































Appendix (3.7): Surface Conductances and Resistances for Air [42] 
 
 














Appendix (3.9): Emittance Values of Various Surfaces and Effective 





































Appendix (3.11): Beam, diffuse and total solar radiations on vertical, horizontal surfaces for both brick and wood buildings [41] 































1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
6 33.38 18.00 51.38 0 18.00 18.00 0 18.00 18.00 13.88 18.00 31.88 4.00 29.33 33.33 
7 376.27 74.55 450.82 0 74.55 74.55 0 74.55 74.55 135.57 74.55 210.12 144.22 100.22 244.44 
8 562.51 108.7 671.21 0 108.7 108.7 0 108.7 108.7 182.96 108.7 291.66 389.28 116.28 505.56 
9 553.48 157.78 711.26 0 157.78 157.78 0 157.78 157.78 167.71 157.78 334.49 631.11 157.78 788.89 
10 389.76 186.67 576.43 0 186.67 186.67 0 186.67 186.67 141.86 186.67 328.53 746.66 186.67 933.33 
11 191.35 209.42 400.77 0 209.42 209.42 0 209.42 209.42 116.67 209.42 326.09 777.83 219.39 997.22 
12 0 222.88 222.88 0 222.88 222.88 0 222.88 222.88 114.97 222.88 337.85 839.17 231.61 1052.78 
13 0 208.33 208.33 205 208.33 413.33 0 208.33 208.33 125.00 208.33 333.33 833.34 208.33 1041.67 
14 0 186.67 186.63 389.76 186.67 576.43 0 186.67 186.67 141.86 186.67 328.53 746.66 186.67 933.33 
15 0 164.44 164.44 576.87 164.44 741.31 0 164.44 164.44 184.17 164.44 348.61 657.78 164.44 822.22 
16 0 125.66 125.66 726.71 125.66 851.27 0 125.66 125.66 236.04 125.66 361.60 502.22 125.66 627.78 
17 0 62.78 62.78 655.15 62.78 717.93 0 62.78 62.78 236.04 62.78 298.82 251.11 62.78 313.89 
18 0 26.67 26.67 890.08 26.67 916.75 0 26.67 26.67 398.91 26.67 425.53 106.66 26.67 133.33 
19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
23 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Appendix 3.12. Calculation of Thermal Resistances, Thermal 
Capacitances and Sol-Air Temperatures of the Office Thermal 
Network 
3.12.1. Thermal resistance 
 To evaluate thermal resistance, the following parameters have to be 
known: 
• Heat transfer coefficient of outside and inside air. 
• Area of the surfaces. 
• Absorbtivity of outside surfaces. 
• Emittance of inside surfaces. 
• Radiant angle factor of inside surfaces. 
All parameters are summarized in the following tables: 
Table 3.12.1 Heat transfer coefficient for outside and inside air* 
Surface Convection heat (W/m2 °C) 
 Outside surface Inside surface 
West wall 22.7 8.29 
East wall 22.7 8.29 
South wall 22.7 8.29 
North wall 22.7 8.29 
Widow 22.7 8.29 
Door 22.7 8.29 
Floor 22.7 6.13 
Ceiling 22.7 9.26 








Table 3.12.2 Areas of the surfaces in the office 
Surface Area (m2) 
 Outside Inside 
West wall 8 6.112 
East wall 8 6.112 
South wall 14.414 12.18 
North wall 13.534 11.30 
Window 0.72 0.72 
Door 1.6 1.6 
Floor 11.66 8.44 
Ceiling 11.66 8.44 
 
Table 3.12.3 Absorbtivity and emittance of outside and inside 
surfaces 
Surface Absorptanc Emittance 
 Outside surface a Inside surface b 
West wall 0.70 0.95 
East wall 0.70 0.95 
South wall 0.70 0.95 
North wall 0.70 0.95 
Widow --- 0.90 
Door --- 0.90* 
Floor ---         0.95 
Ceiling 0.70 0.95 
a   Source: Appendix 3.7 [42]  
b  Source: Appendix 3.8 [39]   
*  Source:  Appendix 3.9 [42]   
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Table 3.12.4 Radiant angle factor for enclosure space* 
W.wall E.wall S.wall N.wall Window Door Floor Ceiling Surface Surface No. 
8 16 24 32 33 41 57 65 
W.wall 8 0 0.08 0.26 0.26 0.042 0.018 0.17 0.17 
E.wall 16 0.08 0 0.26 0.26 0.042 0.018 0.17 0.17 
S.wall 24 0.123 0.123 0 0.39 0 0.004 0.18 0.18 
N.wall 32 0.123 0.123 0.39 0 0.004 0 0.18 0.18 
Widow 33 0.355 0.335 0 0.071 0 0.07 0.0745 0.0745 
Door 41 0.069 0.069 0.032 0 0.032 0 0.399 0.399 
Floor 57 0.123 0.123 0.275 0.275 0.006 0.018 0 0.18 
Ceiling 65 0.123 0.123 0.275 0.275 0.006 0.018 0.18 0 
*Source: Appendix 3.10 [42]. 






The construction of office thermal network which is shown in 
figure 3.6 consists of eight parallel circuits. Equations 2.22, 2.23 and 3.12 
are used to estimate convective resistances, conductive resistances and 
radiative resistances respectively.West wall circuit is selected as a sample 
of calculations that can be explained below:   
For outside convective resistance      




R =  
From table 3.12.1, in appendix 3.12 for outside surfaces, h10 = 22.7, 
and also from table 3.12.1, in appendix 3.12 for outside areas, Ao = 8, 
then, 
                                                WCR o /1051.5
87.22
1)0,1( 3−×=×=  
 For conductive resistance, 
                                                        
oKA
R 12)2,1( δ=  
 From table 3.2, k = 0.72.  
                                              WCR o /1021.5
872.0
03.0)2,1( 3−×=×=  
For inside convective resistance, 




1)66,8( =  
From table 3.12.1, in appendix 3.12 for inside surfaces, h8,66 = 8.29, 
and from table 3.12.2, in appendix 3.12 for inside areas, Ai = 6.112, 
therefore, 
                               WCR o /107.19
112.629.8
1)66,8( 3−×=×=  
For Long wave radiative resistance, 





From table 3.12.3, in appendix 3.12, E = 0.95 and from table 
3.12.4, in appendix 3.12, F8-16  = 0.08 





− ×=××××××=  
The capacitors of the interior nodes are all equal to C while the 
surface node has a capacitance C/2. 
For surface node, 
popii cxAcVC ρδρ ==  
From table 3.2, ρ = 1920 and cp = 835, then, 
                        CJcVC op /10384.192835192003.082
1 3
11 ×=××××== ρ  
For interior node, 
                            CJcVC op /10768.384835192003.08 312 ×=×××== ρ  
After the sample of calculations is known, the thermal resistances 
















Table 3.12.5 Thermal resistances for the west and east wall circuit 










(°C/W) x 10-3 
R(0,1) 5.51 R(0,9) 5.51 
R(1,2) 5.21 R(9,10) 5.21 
R(2,3) 5.21 R(10,11) 5.21 
R(3,4) 5.21 R(11,12) 5.21 
R(4,5) 5.21 R(12,13) 5.21 
R(5,6) 5.21 R(13,14) 5.21 
R(6,7) 5.21 R(14,15) 5.21 
R(7,8) 5.21 R(15,16) 5.21 
R(8,16) 355 R(16,8) 355 
R(8,24) 109 R(16,24) 109 
R(8,32) 109 R(16,32) 109 
R(8,33) 676 R(16,33) 676 
R(8,41) 1578 R(16,41) 1578 
R(8,57) 167 R(16,57) 167 
R(8,65) 167 R(16,65) 167 









Table 3.12.6 Thermal resistances for the south and north wall circuit 










(°C/W) x 10-3 
R(0,17) 3.1 R(0,25) 3.3 
R(17,18) 2.89 R(25,26) 3.1 
R(18,19) 2.89 R(26,27) 3.1 
R(19,20) 2.89 R(27,28) 3.1 
R(20,21) 2.89 R(28,29) 3.1 
R(21,22) 2.89 R(29,30) 3.1 
R(22,23) 2.89 R(30,31) 3.1 
R(23,24) 2.89 R(31,32) 3.1 
R(24,8) 116 R(32,8) 125 
R(24,16) 116 R(32,16) 125 
R(24,32) 37 R(32,24) 39.4 
R(24,41) 3600 R(32,33) 3800 
R(24,57) 79.2 R(32,57) 85.4 
R(24,65) 79.2 R(32,65) 85.4 











Table 3.12.7 Thermal resistances for the ceiling circuit 
Ceiling 

















* This value (for air gap) is specified from appendix 3.7 [42] 
 
3.12.2. Thermal capacitances  
 To evaluate thermal capacitances of the office thermal network 
(figure 3.6), general assumptions have to be listed: 
• Thermal capacitance of node representing air are assumed zero 
since they have small values and exert a negligible influence on the 
solution [41], such as node 64 (air gap node) and node 66 (inside 
air node).      
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• Thermal capacitance of small node can be neglected, due to fact 
that, nets that include lumps which are significantly smaller than 
the others should be avoided. Such small lumps usually have small 
capacitances and consequently control the time increment for the 
entire network [22]. Capacitance of node 42(door node) is dropped 
because it has small capacitance when compared with walls and 
ceiling nodes as shown in table 3.8.  
• Cooling load for floor node 57 (not exposed to the solar heat), 
window (node 33) and door is calculated by CLTD method. 
The capacitors of the interior nodes are all equal to C while the 
surface node has a capacitance C/2. 
For surface node, 
popii cxAcVC ρδρ ==  
From table 3.2, ρ = 1920 and cp = 835, then, 
                        CJcVC op /10384.192835192003.082
1 3
11 ×=××××== ρ  
For interior node, 
                            CJcVC op /10768.384835192003.08 312 ×=×××== ρ  
After the sample of calculations is known, the thermal resistances 
and capacitances of the office building (figure 3.6) are summarized in the 








Table 3.12.8 Thermal capacitances for the walls, door and ceiling 































1 192.384 9 192.384 17 346.628 25 325.4655 34 2.815 58 223.872 
2 384.768 10 384.768 418 693.256 26 650.931 35 5.63 59 447.744 
3 384.768 11 384.768 19 693.256 27 650.931 36 5.63 60 447.744 
4 384.768 12 384.768 20 693.256 28 650. 931 37 5.63 61 447.744 
5 384.768 13 384.768 21 693.256 29 650.931 38 5.63 62 447.744 
6 384.768 14 384.768 22 693.256 30 650. 931 39 5.63 63 447.744 
7 384.768 15 384.768 23 693.256 31 650.931 40 5.63 64 0 





3.12.3. Sol-air temperature 
Solar air temperature for horizontal surfaces (e.g. ceiling) and 
vertical surfaces (e.g. walls) is estimated by using equation 3.6 and 3.7 
respectively. Ceiling and west wall circuits are chosen as a sample of 
calculations that can be illustrated as follows: 
For ceiling surface: 
                   Sol-air temperature = RARIART IRotsolo ∆−+∞ εα  
From table 3.4 at 8 am, T∞ = 34. From table 3.12.7, in appendix 
3.12, R(0,58) = 3.8 x 10-3. From table 3.12.2, in appendix 3.12, A = 11.6. 
From table 3.12.3, in appendix 3.12, α = 0.7. From table 3.12.8, in 
appendix 3.12 at 8 pm, It  = 505.56. For horizontal surfaces, RoAεIR ∆R = 
3.9°C [37]. 
Sol-air temperature = Co78.459.356.5057.066.11108.334 3 =−××××+ −  
 For west wall: 
          Sol-air temperature = tsolo IART α+∞    
          From table 3.4 at 8 am, T∞ = 34. From table 3.12.5, in appendix 
3.12, R(0,1) = 5.51 x 10-3. From table 3.12.2, in appendix 3.12, A = 8. 
From table 3.12.3, in appendix 3.12, α = 0.7. From table 3.12.8, in 
appendix 3.12 at 8 pm, It  = 108.7. 
























1 33.5 33.5 33.5 33.5 35.5 
2 32 32 32 32 32 
3 31 31 31 31 31 
4 30.5 30.5 30.5 30.5 30.5 
5 30 30 30 30 30 
6 31.554 32.583 31.563 31.997 28.134 
7 34.296 45.885 34.332 38.569 35.681 
8 37.348 54.673 37.4 43.118 45.78 
9 42.86 59.907 42.935 48.739 58.568 
10 45.249 57.254 45.339 49.771 64.548 
11 49.95 55.842 50.05 53.695 70.529 
12 50.365 50.365 50.471 54.062 72.253 
13 57.231 50.917 51.016 54.921 72.908 
14 62.254 50.248 50.339 54.771 69.548 
15 67.832 50.065 50.143 55.899 66.602 
16 70.219 47.87 47.93 55.305 59.571 
17 65.812 45.634 45.664 53.042 49.535 
18 70.736 43.321 43.334 55.805 42.735 
19 41.5 41.5 41.5 41.5 41.5 
20 39 39 39 39 39 
21 38 38 38 38 38 
22 37.5 37.5 37.5 37.5 37.5 
23 35.5 35.5 35.5 35.5 35.5 










Appendix (4.1): Window Glass Load Factors (GLFs) for Single-













































Appendix (4.5): Representative Rates at Which Heat and Moisture 




















































































































































































































Appendix (5.8): Ventilation Rate –Air Changes per Hour [78]  
Assembly Halls  4-8  Hospitals  - Sterilizing  15-25  
Bakeries  20-30     - Wards  6-8  
Banks  4-8  Kitchens  - Domestic  15-20  
Bathrooms  6-10     - Commercial  20-30 Min  
Battery Charging Rooms  6-8  Laboratories  6-15  
Bedrooms  2-4  Launderettes  10-15  
Billiard Rooms *  6-8  Laundries  10-30  
Boiler Rooms  15-30  Lavatories  6-15  
Cafes & Coffee Bars  10-12  Lecture Theatres  5-8  
Canteens  8-12  Libraries  3-5  
Cellars  3-10  Living Rooms  3-6  
Churches  1-3  Mushrooms Houses  6-10  
Cinemas & Theatres *  10-15  Offices  6-10  
Club Room *  10-12  Paint Shops (not cellulose)  10-20  
Compressor Rooms  10-20  Photo & X-ray dark rooms  10-15  
Dairies  8-10  Public House bars  10-15  
Dance Halls *  8-12  Recording studios  10-12  
Dye Works  20-30  Recording Control rooms  12-25  
Electroplating Shops  10-12  Restaurants  8-12  
Engine Rooms  15-30  Schoolrooms  5-7  
Entrance Halls, Corridors 3-5  Shops & Showrooms  8-12  
Factories & Workshops  8-10  Shower Baths  15-20  
Foundries  15-30  Stores & Warehouses  3-6  
Garages  6-8  Swimming Baths  10-15  
Glasshouses  25-60  Toilets  6-10  
Hairdressing salons  10-15  Welding Shops  15-30  























Appendix (5.9): Simulation 
 
